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Abstract. 
The main aim of this project was to investigate the role of Fusarium solani in 
aqueous cutting fluid and increase understanding about the ecology of this 
organism in coolants. By adapting cell-line bioassay techniques to the direct testing 
of coolant emulsion, the role of Fusarium solani in cutting fluid toxicity was 
determined. The potential of fungal strains enhancing cutting fluid toxicity was 
investigated by fungal toxigenicity screening, to assess any potential for fungal 
species isolated to produce mycotoxins. 
32 contaminated cutting fluid samples tested revealed 66 % fungal 
contamination and Fusarium solani was isolated from 81 % of these, highlighting 
the significance of this species in coolants. Using brine shrimp and cell-line 
bioassays, none of the fungi isolated were toxigenic, although Fusarium solani 
culture extracts were slightly toxic to cell-lines (min. cytotoxic dose 12.5-25 
ug/ml). Using thin layer chromatography, it was revealed that the isolate Fusarium 
solani ISL-45 / IMI 360547 was not producing trichothecenes in culture, and that 
a maroon pigment normally produced at pH < 4 was responsible for slight 
cytotoxicity. It was revealed that pigment production was only stimulated in 
cultures less than pH 4 in the presence of excess phosphate. 
By assaying cutting fluid using cell-lines it was found that growth of Fusarium 
solani reduced cutting fluid toxicity twofold after 14 days growth and that fungal 
biodeterioration of vegetable oil and ethylene glycol was responsible for the 
toxicity decrease. 
Cutting fluid not supplemented with yeast extract or other nitrogenous material 
was unable to support growth of Fusarium solani demonstrating that there was an 
obligate requirement for an external assimilable nitrogen source in addition to 
nitrogenous cutting fluid constituents. 
Fusarium solani biomass yields were highest in cutting fluid experiments 
supplemented with iron / aluminium swarf and inert beads. Biomass yields were 
poor in cutting fluid containing no swarf or inert material suggesting that surfaces 
promote fungal adhesion and accumulation of mycelium. Although swarf metal 
was stimulatory to growth, cutting fluid treated with dissolved swarf materials was 
inhibitory to growth. 
II 
In metal ion tests; Ca2+, Mg2+ and Mn2+ had little effect on fungal physiology 
whereas A13+, Cu2+, Fe3+, Ni2+ and Ti3+ were very toxic (min. inhibitory dose 
M.I.D. < 2mM) and C~+, Co2+, Fe2+, Pb2+ and Zn2+ were moderately toxic 
(M.I.D. 2-10 mM). 0.5 mM Pb2+ and Zn2+ were associated with increased 
production of maroon pigment, by Fusarium solani, in media containing glucose. 
Water hardness was found to have little or no effect on fungal physiology although 
coolant emulsion stability was reduced with Ca2+ concentrations exceeding 5 mM. 
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1.1 GENERAL INTRODUCTION 
Modern aqueous cutting fluids are able to be colonised by a wide range of 
microorganisms including aerobic and anaerobic bacteria and filamentous moulds. 
Improved biocide formulations have more effectively controlled bacterial 
contamination, but have resulted in overgrowth of moulds. 
Ubiquitous to contaminated cutting fluid is the mould Fusarium solani, and 
although recognised as important in the cutting fluid flora little work has been 
performed to investigate the significance of this species in cutting fluid. 
Fusarium spp. have been widely implicated in disease associated with toxic 
metabolites known as mycotoxins and it is possible that these may pose a risk to 
health and may be related to skin disease amongst workers who frequently handle 
contaminated cutting fluid. A programme of toxigenicity screening a wide range 
of moulds from cutting fluid using reliable, reproducible and relatively 
inexpensive bioassays has been performed to assess isolate toxigenicity, with 
emphasis on Fusarium solani. 
Although Fusarium solani has not been reported to produce dermotoxic 
trichothecene mycotoxins, production of potentially toxic coloured 
naphthoquinone pigments, known to have antiprotozoal activity, is widespread and 
investigations on cytotoxicity have been performed. 
Many complex interrelationships between chemical, ecological and physical 
factors playa role in the colonisation of microorganisms in cutting fluid. The 
importance of Fusarium solani has been more fully understood by investigating 
environmental and ecological factors governing colonisation of this niche. 
1.2 THE GENUS FUSARIUM 
Although many fungal genera have been isolated from contaminated cutting fluid 
(Prince & Morton, 1991; Rossmoore, 1986), the genus Fusarium has been 
reported to be the most significant. To understand the overall importance of 
Fusarium, the role of this organism in nature must also be considered, from the 
roles of saprophyte, spoilage organism and biodeteriogen to potential pathogen 
and toxic secondary metabolite producer, having possible health implications 
amongst factory workers. 
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The genus Fusarium was established by Link in 1809 and the name arose as a 
consequence of the characteristic fusiform or sickle-shaped macroconidia 
produced by many Fusarium species. Fusarium is a member of the Moniliales 
order belonging to the family Tuberculareaceae. 
The classification of this genus is complex and prior to work by Toussoun & 
Nelson (1968) and Booth (1971) over one hundred species existed. Recent 
reclassification has resulted in merging of many of the species into larger groups 
and currently less than thirty species of Fusarium are recognised by some 
authorities. 
Several earlier publications have misquoted species and these have only been 
reidentified recently and reported by Marasas, Nelson & Toussoun (1984). The 
incorrect nomenclature has been evident in the naming of mycotoxins or 
secondary metabolites, such as nivalenol from original misidentified species. 
Although several Fusarium spp. have been implicated in cutting fluid spoilage 
including Fusarium oxysporum and Fusarium moniliforme, Fusarium solani has 
been isolated much more frequently than the other species and fungal genera and 
the involvement of Fusarium solani in nature and significance in cutting fluid is 
emphasised in this work. 
1.3 FUSARIUM SOLANI - SIGNIFICANCE AND OCCURRENCE 
Fusarium solani (Sacc.) was first described by Martius in 1840-41 having been 
isolated from rotten potatoes. On laboratory media, the species, although varying 
widely between strains, is characterised by aerial mycelium ranging from sparse 
hyphae to a dense and floccose appearance. Aerial mycelium is absent in some 
strains and sporodochia bearing an abundance of macroconidia or pionotal slime 
also abundant in macroconidia may be present instead. 
Many strains are capable of producing vinaceous red to salmon naphthoquinone 
pigments under certain conditions although these are seldom produced on potato 
sucrose agar. Sporodochia are often cream to buff coloured although cases of 
greenish-blue pigmentation have been reported with Fusarium solani var. 
coeruleum. Fusarium solani IS classified as an imperfect fungus 
(Deuteromycotina) but when the teleomorph Nectria haematococca is observed 
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the species is assigned to the Ascomycete group. 
Microconidia (8-16 urn by 2-4 urn) are produced in abundance and exhibit an 
oblong to ovoid, sometimes reniform morphology often non-septate but sometimes 
mono-septate whereas macroconidia (27-52 urn by 4.4-6.8 urn) are formed less 
abundantly and are characterised by a fusiform, cylindrical and slightly curved 
structure with a pedicellate footcell and short apical cell. Macroconidia are multi-
septate with 3 to 5 septa per spore. Chlamydospores are produced in abundance 
in nutritionally limiting or dry conditions and are hyaline with globose to ovoid 
shape (9-12 urn by 8-10 urn) and are terminal or intercalary sometimes formed 
in chains. Conidia are borne on long slender conidiophores and monophialides 
bear macroconidia. The species is differentiated from other fusaria by the 
conidiophore and phialide structures although a cultural test to distinguish 
Fusarium soZani from Fusarium oxysporum using pigmentation characteristics with 
sugar alcohols has been described (Bray ford & Bridge, 1989). 
Optimal growth temperature is variable amongst strains, but is reported to range 
from 20°C to 31°C, although clinical isolates grow well at 37°C. Strains from 
temperate locations are less able to grow at high temperatures than tropical 
isolates. 
1.3.1 Role in nature and industry 
Fusarium soZani, like other fusaria has a cosmopolitan existance in soil and is 
widely known in agriculture, where it causes opportunistic disease of crops. The 
saprotrophic involvement of this mould classifies it as an important biodeteriogen 
and playing a major role in decomposition of organic matter and recycling of 
nutrients. 
Fusarium soZani has been widely implicated in vascular wilt disease of cereals, 
woody plants, fibre plants, ornamentals and root disease in citrus, tomato, pepper 
and cucurbits (Kraft et aZ., 1981). Other examples of plant disease include foot 
rot of broadbean (Vida) and peas (Pisum) , French bean rot (Phaeseolis) and 
hardwood canker. 
This species has also been responsible for animal disease where invasion of 
chitinous material has occurred in crustaceans (Hose et aZ., 1984) and insects 
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(Teeter-Barsch & Roberts, 1983). Kunert et al. (1993) reported Fusarium solani 
being invasive in snake (Elaphe guttata) eggs in captivity, causing mortality. 
Cultural tests (Hankin & Agnostakis, 1975) revealed this strain being able to 
hydrolyse casein and gelatin and was also strongly lipolytic. 
Fusarium solani has also been isolated from an aqueous antacid suspension 
(Thomas, 1984; Thomas, 1991; Thomas & Moss, 1990). The product, an infant 
antacid, was aquiring the contamination from water during preparation. The 
preservative, bronopol (2-bromo-2-nitropropane-l,3-diol) was susceptible to 
fungal attack resulting in dramatic shortening of product shelflife, contamination 
with potentially harmful bacteria, and eventually visible fungal spoilage. 
1.3.2 Role in human disease as an opportunistic patho2en 
Fusarium solani has been known to cause human disease for many years and is 
most widely implicated in opportunistic illness, where the patient is 
immunosuppressed. Guttmann et al. (1975) demonstrated that Fusarium spp. 
behaved as a human pathogen under unusual conditions and areas affected were 
skin, nails, eyes and urinary tract. 
Mycotic ke ratitis has been reported to be caused by several fusaria (Zapater, 
1975 in Thomas, 1991) including Fusarium episphaeria, Fusarium dime rum , 
Fusarium moniliforme, Fusarium nivale and Fusarium oxysporum but Fusarium 
solani has been found to be the most common fungal agent of eye infection 
globally. Most mycotic ke f"'atitis cases originate by accidental introduction of 
contaminated vegetable fragments into the eye. Although no cases of infection 
with metal fragments from fungally contaminated cutting fluid have been reported 
the possibility of mycotic kerratitis originating from cutting fluid must be 
emphasised. Two mycotic kerratitis cases from metal fragments in other situations 
were reported by Gingrich (1962) in Thomas (1991). 
Two cases of fatality have been reported where Fusarium solani had invaded 
tissues of immunocompromised individuals with leukaemia (Brint et al., 1992; 
Caux et al., 1993; Guarro & Gene, 1992). The initial skin infections had become 
invasive and systemic, the fungal hyphae being isolated from blood vessels. Some 
human Fusarium solani systemic infections have been successfully treated with 
5 
amphotericin B, although high doses of this drug which is bioaccumulative can 
also be fatal. Cho et al. (1973) in Thomas (1991) reported the minimum 
inhibitory concentration (MIC) for a Fusarium solani strain isolated from a 
leukaemic child to be 3 ug/ ml. 
1.3.3 Growth requirements and physiolo~y 
Temperature has been reported to have a significant effect on growth rate where 
a 25 % increase of biomass at 30°C occurred when compared to 15°C (Tahoun et 
al., 1986a), however it must be emphasised that optimum temperature for growth 
is likely to vary due to strain variation. 
Tahoun et al. (1986a) found glucose to support the highest and lactose the 
lowest levels of biomass in laboratory media. Glucose was also associated with 
the highest yield of fatty acids produced in the mycelium, although maximum 
levels of unsaturated fatty acids were at 15°C possibly attributed to higher levels 
of dissolved oxygen at 15°C facilitating greater unsaturation. 
Gaur & Agnihotri (1981) performed much work on the effect of nitrogen 
sources and Fusarium solani physiology. Growth with inorganic nitrogen was 
highest with ammonium nitrate, and nitrate was associated with increased 
sporulation. Greater growth was associated with organic nitrogen sources, such 
as alanine, threonine and aspartate, than inorganic sources. Elevated growth with 
organic nitrogen is probably attributable to lower energy demand for the organism 
to utilise the material for biosynthesis. Nitrate, which involves a reduction step 
prior to utilisation for growth, requires an increased energy expenditure by the 
organism resulting in less growth but increased sporulation. Axelrod (1972) in 
Thomas (1991) reported that a minimum biomass was neccessary before 
sporulation occurred in Aspergillus nidulans, suggesting sufficient nitrogen must 
be present to permit initial growth prior to sporulation. Gaur & Agnihotri (1981) 
also reported chlamydospores with unusual morphology to be associated with 
amino acids containing sulphur. 
Tahoun et al. (1986b) reported greater biomass in media with higher C:N ratio 
but higher levels of lipid were recovered from biomass in carbon limited (C:N 
2: 1) media than nitrogen limited (C:N 33: 1) media by a factor of eight. 
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Work has also been performed to determine the effect of metal ions on 
Fusarium solani, to understand the roles of metal waste and toxicity in landfill. 
Metal ions are present in cutting fluid in the industrial environment and 
knowledge of the role of metal ions to Fusarium solani is important. It was 
demonstrated that Mn2+ was stimulatory to growth whereas Zn2+ and Fe2+ were 
inhibitory (Gaur & Agnihotri, 1982) and Zn2+ was found to support increased 
sporulation in agreement with work by Somashekar & Sreenath (1988). An 
experiment comparing toxicity of C02+, Cu2+, Nj2+ and Zn2+ (Somashekar & 
Sreenath, 1988) revealed that Co2+ was most inhibitory to growth and Ni2+ was 
most inhibitory to sporulation. The fungi tested also adapted to the less toxic 
metal ions, which was characterised by slow initial growth increasing to vigorous 
growth after three days. 
Gaur & Agnihotri (1982) tested several vitamins / co factors and found that 
nicotinic acid / riboflavin mixtures at Ippm were stimulatory to Fusarium solani. 
Thiamine, ascorbic acid and folic acid were inhibitory to growth whereas 
pyridoxine, riboflavin and a mixture of folic acid / riboflavin were notably 
stimulatory to sporulation. Folic acid, thiamine / folic acid and ascorbic acid / 
folic acid mixtures were inhibitory to sporulation. These results suggest that 
Fusarium solani may be auxotrophic for some cofactors but strain variation may 
make study of this behaviour difficult. 
1.4 THE APPLICATION OF CUTTING FLUIDS IN INDUSTRY 
1.4.1 Brief history 
Prior to the start of modem metalworking (1500 A.D.), forging, casting and 
drawing were the most abundant metalworking practices. From 1500 onwards, 
metalworking methods have changed and cold working practices have become 
increasingly common. The invention of steam powered tools during the eighteenth 
century resulted in machines being able to adopt higher cutting speeds and the 
lubricants used, such as beeswax, were no longer suitable. In 1883, Frederick 
Taylor discovered that a water stream on the tool edge and workpiece could 
facilitate a 30% higher cutting speed. The water behaved as a suitable coolant, 
but was associated with corrosion and poor lubricity. Sodium carbonate was 
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added to the water to reduce rusting and lard-like fatty oils were employed to 
form the first cutting soaps and pastes (Key et al., 1966). This oil-in-water 
cutting fluid can be considered as the forerunner of modern products. Todays 
increased complexity of machining procedures and demands has resulted in the 
development of a wide range of products and many cutting fluids are tailor-made 
to a particular metalworking requirement. 
1.4.2 Types of cuttin2 fluid and their uses 
1.4.2.1 The dynamics of metalworkin2 
Cutting fluids are employed for three reasons; to facilitate lubrication of the tool 
and workpiece; to reduce heat and oxidation of the tool and workpiece; and to 
assist in the removal of metal swarf or fines from the working vicinity. 
During machining, friction occurs between the tool and workpiece resulting in 
heating of both surfaces resulting in eventual deformation and distortion of 
metals. These undesirable effects result in tool wear, oxidation of metal surfaces 
and poor finishes on the workpiece. Furthermore, without cooling welding may 
occur between surfaces particularly following the removal of the protective oxide 
layer on the metal surface. 
The coolant function of a cutting fluid therefore reduces heat, minimising 
oxidation, toolwear and welding. Cutting fluids with high water content function 
as better coolants than cutting fluids with higher oil content which are better 
lubricants. 
The lubricant function of a cutting fluid reduces friction between the moving 
parts allowing use of higher cutting speeds and the working of harder metals. 
The removal of metal swarf from the moving parts is important, so as to avoid 
the welding of cut metal to workpieces and also to prolong cutting tool life. 
1.4.2.2 The neat oils 
Neat oils contain no water and are therefore good lubricants and poor coolants. 
This group of cutting fluids are used for work where machining of hard metals 
such as titanium/nickel alloys and hard steel is to be performed. These oils are 
used in the more demanding metalworking processes which include; gear cutting, 
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threading and tapping. 
Neat oils are composed of mineral oils sometimes containing natural fats. 
Extreme-pressure (EP) additives are used for exceptionally demanding work such 
as very high speed cutting of hard metals. EP additives contain sulphuretted fats, 
chlorinated hydrocarbons and phosphorus compounds. The additive reacts with 
the workpiece following initial removal of the oxide layer, which prevents the 
metal welding to the tool during cutting. 
1.4.2.3 Waterbased cuttin~ fluids 
This group of cutting fluids can be divided into two subdivisions, the oil-in-
water soluble emulsions and synthetic chemical emulsions. Both types of product 
form good aqueous emulsions with oil droplets measuring about 2.5 urn in 
diameter. The soluble oil emulsions contain coupling agents and emulsifiers to 
maintain emulsion integrity. An array of additives can be used in these products 
to allow use for virtually any metalworking process. 
The soluble emulsions are composed of a mineral oil (60-85 %) concentrate of 
predominantly paraffin or naphthenic compounds (Rossmoore, 1986), but details 
of these are often trade secrets and only few well documented patents exist 
(Andlid & Linden, 1980; Compton & Sucher, 1965). The oil concentrate is 
diluted in water to a concentration of 1:5 to 1 :50 depending on application and 
results in a working pH of 8.5-9.5. Soluble oil emulsions are employed for less 
demanding metalworking including; sawing, planing, milling and drilling and are 
used for softer metals such as copper, mild to high carbon steel, cast iron, 
aluminium and aluminium/magnesium alloys. 
The synthetic emulsions are aqueous solutions containing very little mineral oil 
and are diluted 1:10 to 1:200 in water resulting in working pH 8-10. The uses of 
synthetic emulsions are similar to soluble oils except that they have poorer 
anticorrosion characteristics. 
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1.4.3 Cuttin&: fluid emulsion additives 
1.4.3.1 Anticorrosion a&:ents 
Hydroxylamines are the most widely used anticorrosion agents In modern 
cutting emulsions. Nitrites were also used until several years ago when production 
of carcinogenic N-nitrosodiethanolamine at concentrations between 0.02-3 % were 
detected (Fan et al., 1977). As conditions between pH 9-11 support nitrosamine 
formation in the presence of nitrite and hydroxylamines, nitrite has now been 
excluded from virtually all products. 
1.4.3.2 Odourants. dyes and conditioners 
Many cutting fluid preparations contain compounds to improve appearance or 
odour of the product. Coloured dyes (Key et al., 1966) have been used to 
maintain normal coolant colouration, at the expense of masking decolourisation, 
an indicator of microbial spoilage. Perfumes are similarly used to prevent 
spoilage odours, but hide the presence of foul-odour producing microbiological 
contaminants. 
Conditioners such as polyphosphates, trisodium phosphate, borax and sodium 
carbonate have been adopted to fulfil the purpose of softening water to permit 
emulsion stability. 
Antifoaming agents, usually silicone based, are employed to minimise emulsion 
foaming. 
1.4.3.3 Stabilisers 
Cutting fluid emulsions are susceptible to oil-water phase separation (splitting) 
which results in loss of function. Compounds such as glycol emulsifiers and 
petroleum sulphonates minimise splitting and maintain emulsion stability. 
1.4.3.4. Biostats and biocides 
Numerous different chemical compounds have been employed to control 
(biostatic) or kill (biocidal) microorganisms in cutting fluid emulsions. Many 
modern emulsion concentrates contain built-in biocides which when diluted to 
working strength result in an emulsion with biocide at an optimal concentration. 
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Cutting fluid already showing signs of microbial contamination may benefit from 
tankside addition of biocide to prolong cutting fluid life. 
No single current biocide is effective in all products, against all organisms in 
the presence of all external factors influencing biocide activity (Rossmoore, 
1986), therefore combinations of biocides are often used. 
Choice of biocide combinations must be made carefully as incompatibilities may 
result, especially when a workshop changes one product type to another with a 
different biocide combination (Rossmoore & Treusch, 1975). Incompatibilities 
result in loss of product bioresistance and the growth of microorganisms 
Increases. 
Triazine compounds are frequently employed to behave as formaldehyde release 
agents with formaldehyde being an effective antimicrobial agent and the amine 
byproduct demonstrating both some at1imicrobial and anticorrosive activity 
(Rossmoore, 1979). The compound hexahydro-1,3,5-tris(2-hydroxyethyl)-S-
triazine is widely used and its effect is potentiated further synergistically by the 
addition of ethylene-diamino-tetra-acetic acid EDTA (Izzat & Bennett, 1978) 
where biocide activity was reported to have increased ten-fold. It was 
hypothesised that the synergism may reflect the metal ion chelation properties of 
EDT A, reducing the level of potential biocide sequestering metal ions, hence 
increasing biocide performance (Bennett et al., 1982). Rossmoore (1979) reports 
that highly electropositive metals are antagonistic towards the triazine 1,3,5-tris(2-
hydroxyethyl)-hexahydrotriazine and Bennett et al. (1982) also report several 
examples of antagonism between 15 metals and 13 biocides tested. 
Morpholine compounds such as 4-(2-nitrobutyl) morpholine are also employed 
and are effective against bacteria and moulds when used at concentrations 
between 250-500 ppm (Rossmoore, 1979) and benzoisothiazoles such as 
benzoisothiazonlin-3-one are used at concentrations not exceeding 500ppm for the 
control of bacteria. 
Isothiazoles have also been successfully used in the control of microorganisms 
and combinations of 5-chloro-2-methyl-4-isothiazonlin-3-one CIMO (10.1 %) and 
2-methyl-4-isothiazonlin-3-one MID (13.9%) have been proven effective against 
bacteria and moulds (Lashen, 1979 in Rossmoore, 1979). Similarly Jakubowsky 
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& Bennett (1986) report that 25 % 1,2-dibromo-2,4-dicyanobutane plus 0.56% 
CIMO in combination with MIO increased cutting fluid spoilage-free life from 
195 days to 1 year. 
Oxazolidines have been reported to be effective biocides (Selleck, 1979 in 
Rossmoore, 1979) and also operate as an anticorrosive and maintain alkalinity. 
1.5 MICROBIOLOGICAL CONTAMINATION OF CUTTING FLUID 
Neat oils, containing no water do not support microbial growth hence do not 
present a biodeteriogen problem, but chemical coolants and soluble oil emulsions 
which are water based are prone to spoilage from a wide variety of 
. . 
mICroorganIsms. 
1.5.1 Sources of contamination 
1.5.1.1 Poor housekeepin2 
A major contributor to cutting fluid contamination is the presence of extrinsic 
materials in cutting fluid storage sumps which reflect poor housekeeping or 
disregard by workers of hygiene (Bennett, 1972; Rossmoore, 1986; Key et al., 
1966). Floor sweepings, food scraps, cigarettes, litter, dead animals, animal and 
human waste including urine, spittle and faeces have all been recovered from 
sumps. These materials, in addition to inoculating the coolant with 
microorganisms, increase the level of organic load and available nitrogen in 
cutting fluid therefore increasing the potential for microbial growth and spoilage 
(Rossmoore, 1986). 
1.5.1.2 Microbial re-inoculation 
Re-inoculation of cutting fluid with microorganisms can occur by hydraulic 
leaks from presses, tools and transfer lines (Rossmoore, 1986). The quality of 
water in which the product is diluted plays a major role, microbially contaminated 
water increases the risks of microbial growth in cutting fluid. Failure to 
completely remove tenacious fungal biofilms during periodic sump cleaning 
ensures fast re-contamination when a factory is back in operation. Entrapment of 
microorganisms in inaccessible areas such as crevices in concrete sumps also 
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escape cleaning and are liable to recolonise quickly. 
1.5.1.3 Cuttin&: fluid stora&:e 
Cutting fluid is stored in sumps occupying volumes ranging from 25 litres with 
individual machines to 106 litres for systems serving a complete factory 
(Rossmoore, 1986; Bennett, 1972). A larger storage facility tends to increase 
longevity of coolant than smaller volume sumps. Brandt (1974) reports that 
continuous metal swarf removal, removal of tramp oil and inhibition of sludge 
formation increases cutting fluid life expectancy and reduces microbial 
involvement. 
Cutting fluid volume is lost by splashing, misting and evaporation during 
metalworking operations and volume is often compensated by addition of water 
which results in overdilution possibly rendering biocides inactive. Overdilution 
is reported to inhibit microbial colonisation but loss of biocide activity results in 
bioresistance loss (Bennett, 1974) although tankside top-up with biocide can 
overcome this problem. 
1.5.2 Loss of cuttin&: fluid bioresistance 
Fresh cutting fluid is moderately bioresistant and fungal growth has not been 
reported from cutting fluid prior to bacterial colonisation (Rossmoore & 
Holtzman, 1974; Rossmoore et al., 1976). Bioresistance is lost during product 
use and abuse and a suitable environment for the establishment and growth of 
microorganisms becomes available. 
1.5.2.1 Effect of metal swarf 
The effect of metals and dissolved metal ions is complex. Metal components 
themselves stimulate or inhibit microbial growth, but can also sequester biocides 
rendering them inactive. King (1982) reported that solubilised aluminium in an 
aluminium can drawing application results in aluminium soap formation following 
reaction with fatty acids, liberating fatty materials associated with increased 
microbial growth and subsequent filter clogging. Amphoteric metals such as 
aluminium and tin dissolve well at cutting fluid pH and Rossmoore (1979) reports 
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that microorganisms are inhibited by these metals, Bennett et ale (1982) however 
found that metal ions from swarf tend be stimulatory to growth especially in an 
alkaline environment. Ionic species from metals like zinc (Babich & Stotzky, 
1978), lead (Babich & Stotzky, 1979) and manganese (Babich & Stotzky, 1981) 
form complexes at high pH, rendering the metal unavailable to microorganisms 
by formation ofhydroxylated polynuclear complexes, which facilitate lower metal 
toxicity and is stimulatory to microbes at cutting fluid pH. However, the complex 
can sometimes be more toxic to the organism than the metal ion resulting in 
inhibition of microbial growth at cutting fluid pH. 
Swarf also presents as a nucleus on which microorganisms can attach where 
smaller particles with a larger surface area support greater numbers of organisms 
(Rossmoore, 1986). 
1.5.2.2 Seguesterin2 of biocides 
Biocides are often inactivated by metal ion sequestering. Work by Bennett et ale 
(1982) demonstrated that only two out of thirteen biocides tested were not 
inhibited by the presence of one or more of fifteen metals tested. The 
antimicrobial effect of only one biocide was significantly increased with all metals 
tested except iron and chromium. The formaldehyde release biocides were most 
affected by metals, where all biocides of this type demonstrated decreased activity 
with all metals tested. No statistical relationships were found between metal 
valence(s), molecular weight or other factors with biocide efficiency and closely 
related antimicrobials behaved very differently with one type of metal. Rossmoore 
(1979) demonstrated that a triazine biocide was neutralised with brass, copper, 
iron and steel swarf. Microbial growth was inhibited in the presence of the 
biocide and metals separately, but not inhibited when biocide and metals were 
tested together. The presence of aluminate at cutting fluid pH results in potent 
inhibition of triazine biocides by formation of tetrahedral complexes (Rossmoore, 
1979; Rossmoore, 1986; Bennett et al., 1982). Microbial growth was facilitated 
by biocide inactivation and the loss of toxic AI3+ by the chelating effects of the 
biocide. 
Biocide sequestering also occurs by action of tramp oil or hydraulic leakage 
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from transfer lines. In addition to microbial biodegradation and utilisation of 
some biocides, Bennett (1972) reports that dead organisms can absorb biocides 
rendering them unavailable to control further microbial growth. 
1.5.2.3 Effects of hard and soft water 
Hard water (> 200 ppm Ca2+ /Mg2+) has been associated with an increase of 
microbial growth and biodeterioration in coolants (Rossmoore, 1979), but Kitzke 
& McCray (1963) reported water hardness greater than 700ppm Ca2+/Mg2+ was 
inhibitory to fungi. Holtzman et al. (1981) considered that hard water components 
neutralising biocides may implicate increased microbial growth in cutting fluid 
diluted with hard water rather than soft water. Bennett (1972) reported Mg2+ to 
be slightly more stimulatory to some microbes than Ca2+, up to concentrations of 
700ppm, and increased fungal growth was associated with soft water, whereas 
bacterial growth was enhanced in hard water. Hard water facilitates the 
precipitation of some metal ions (Zn2+ and Pb2+) as an insoluble carbonate 
resulting in the toxic metal ions being unavailable to the organism (Babich & 
Stotzky, 1979) and an increase in growth particularly with bacteria. The limitation 
of fungal growth in hard water may be attributed to the loss of essential minerals 
by formation of insoluble species in hard water at high pH. 
1.5.2.4 Cuttin2 fluid application 
The factor of dilution in cutting fluid may playa role in the group of organisms 
likely to colonise. Bennett (1972) observed that fungi are more associated with 
concentrated cutting fluid (1 :20 dilution) than bacteria, which are associated with 
dilute coolant (1 :40 dilution), whereas overdilution is inhibitory to 
microorganisms (Bennett, 1974). Additionally, bacteria were isolated more 
frequently from soluble oils than fungi, which were associated more frequently 
with synthetic emulsions. However, both groups of microorganisms are often 
isolated from both types of emulsion (Rossmoore, 1986). 
During coolant ageing several changes occur. An accumulation of metal debris 
and increase in concentration of metal ions and elements of hard water decrease 
bioresistance and reduce emulsion stability. 
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1.5.3 Microbial ecol0I:Y 
Cutting fluid is colonised by a sequence of microbes. Aerobic bacteria pioneer 
the commodity and utilise biodegradable constituents and grow until numbers 
reach approximately 109 bacteria / ml (Rossmoore, 1986). The activity of this 
group of organisms utilising alkanes, additives and other materials results in 
impaied coolant function accompanied by pH decrease and eventually reduced 
redox potential (Eh) facilitating an appropriate environment for anaerobic sulphate 
reducing bacteria. An obligatory decrease in Eh to < -250 mV (Isenberg & 
Bennett, 1959) promotes growth of sulphate reducers until levels stabilise at 
106/ml. Rossmoore (1986) reports that sulphate reducers have not been recovered 
from cutting fluid not previously colonised by aerobic bacteria. 
Bacterial colonisation is followed by fungal colonisation. The quantification of 
fungi in cutting fluid is difficult to assess due to the predominance of fungal 
biofilms (Rossmoore & Holtzman, 1974; Rossmoore & Treusch, 1975). Plate 
counts can give unrealistic numbers in cutting fluid and although enumeration 
methods such as methylene blue reduction (Rossmoore, 1972), ATP & catalase 
tests (Rossmoore, 1986) have been used, appearance and odour are still important 
diagnostic features to confirm fungal contamination. 
1.5.4 Bacteria isolated from cuttinl: fluid 
1.5.4.1 Aerobic bacteria 
The aerobic bacteria most frequently isolated are gram negative rods and genera 
most associated with cutting fluid are; Pseudomonas spp., Aeromonas spp., 
Proteus spp., Enterobacter spp., Citrobacter spp., Klebsiella spp., Serratia spp. 
and Escherichia coli. The pseudomonads, with their versatile metabolic activity 
and potential to biodegrade a wide range of complex organic molecules, were the 
first recognised cutting fluid contaminant (Duffett et al., 1943). McCoy et al. 
(1981) reports that pseudomonads attach readily to surfaces including tools by the 
formation of polysaccharide fibrils. This material which facilitates bacterial 
biofilm formation may initiate the whole microbial colonisation sequence. Cutting 
fluid aeration results in optimal conditions for pseudomonad growth and dispersal 
whereas misting facilitates dispersal of capsule forming bacteria, like Klebsiella 
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pneumoniae, which have been isolated in the vicinity of machinery where misting 
has occurred (Rossmoore et al., 1976). 
Gram positive bacteria are seldom isolated from cutting fluid and exhibit poor 
survival when spiked into the product and attempted to be recovered (Tant & 
Bennett, 1958). Gram positive spore-forming bacteria (Bacillus sp. and 
Clostridium sp.) have been occasionally isolated from severely microbially 
contaminated material and there is a tendancy for these organisms to be very 
resistant to elimination once established (Wright, pers. comm.). Rarely, 
Staphylococcus aureus has been isolated in low numbers, the source being human 
skin (Key et al., 1966). 
1.5.4.2 Sulphate reducin2 bacteria 
Sulphate reducers are able to utilise sulphate as terminal electron acceptor and 
oxidise paraffins contributing to the biodeterioration of cutting fluid and this 
group of organisms can survive in aerated or non-aerated coolant. Vedder (1985) 
reports that these organisms can survive des iccation as large counts of 
Desulfovibrio spp. have been isolated from air sampled near a system with known 
sulphate reducer contamination. 
1.5.5 Fun2i isolated from cuttin2 fluid 
Fungi have only been implicated in the last 10-15 years as having a significant 
role in the ecology of cutting fluid. New generations of synthetic emulsions and 
use of biocides effective against bacteria tending to be less effective against fungi, 
resulting in greater incidence of fungal spoilage. 
The predominant fungal group responsible for cutting fluid spoilage are the 
imperfect fungi (Deuteromycotina). Several workers have reported the genus 
Fusarium and related genera like Acremonium and Cylindrocarpon to be the most 
dominant moulds associated with coolants (Prince & Morton, 1991; Rossmoore, 
1986; Rossmoore & Holtzman, 1974; Rossmoore & Treusch, 1975). Less 
frequently isolated fungi include; Aspergillus spp., Cladosporium spp. and 
Penicillium spp. and the yeasts Candida spp. and Trichosporon spp. Prince & 
Morton (1991) also report Geotrichum spp., Heliocephalum spp., Monosporium 
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spp., Paecilomyces spp., Rhodotorula spp. and Scopulariopsis spp. being isolated 
less frequently. The most significant genus associated with cutting fluid is 
Fusarium and several species have been widely isolated from cutting fluid 
including; Fusarium solani, Fusarium oxysporum, Fusarium moniliforme and 
Fusarium sambucinum. Although Fusarium solani is the most frequently isolated 
mould from cutting fluid, surprisingly little research has been performed to 
investigate relationships between organism, environment and product. 
1.5.6 Cuttinl: fluid biodeterioration 
1.5.6.1 Loss of cuttinl: fluid function 
There is evidence for the utilisation of many cutting fluid constituents (Bennett, 
1974), but no overt biodeterioration. Holtzman et al. (1981) reported that cutting 
fluid degradation was centred on hydrocarbons by use of infrared spectroscopy. 
Use of a falex #8 tapping torque machine (Webb & Holodnik, 1980) revealed 
little or no functional deterioration in cutting fluid subsequent to microbial 
growth, however Byrom & Hill (1971) found bacterial growth to be associated 
with instability in an aluminium rolling operation. Despite microorganisms 
reducing cutting fluid life by 60-85 %, the direct role of microbes in overt loss of 
function remains questionable and it is more likely that microbial spoilage affects 
cutting fluid by indirect factors. 
1.5.6.2 Increased corrosion 
Bennett (1972) reports that anticorrosive agents can be reduced in concentration 
from 12 molar to 0.1 molar by bacteria in a few days resulting in rusting of metal 
surfaces and increasing the level of dissolved metal salts in the coolant leading 
to splitting of the emulsion. 
Corrosion is also increased by microbial metabolic products where hydrogen 
sulphide evolved by Desul!_ovibrio spp. and ammonia produced by other bacteria 
results in serious corrosion of copper and brass characterised by increased 
brittleness. Pseudomonads evolve high molecular weight materials corroding 
aluminium and magnesium metals. Cathodic depolarisation results in the 
destruction of protective metal oxide layers rendering them susceptible to 
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corrosion (Bennett, 1972) and elevated Fe2+ concentration has been associated 
with an increase in corrosion rates by Gram negative bacterial metabolites. 
1.5.6.3 Loss of lubricity 
Biodeterioration of coupling agents and emulsifiers promotes increase in oil 
droplet size, reducing the lubricity of the product (Bennett, 1972), and eventually 
leads to complete emulsion breakdown. 
1.5.6.4 Blocka2e of tubin2 
Fungal biomass, sludge and increased coolant viscosity leads to pipe blockages 
(Bennett, 1972; Rossmoore, 1986) causing increased loads and eventual damage 
to pump motors. In addition, fungal biofilms detach from sump walls leading to 
blockages. 
1.5.6.5 Appearance and odour of cuttin2 fluid 
During microbial succession the emulsion undergoes changes in appearance and 
odour. Sulphate reducers lead to blackening of the emulsion and evolution of H2S 
is partly responsible for unpleasant odours. Fungal growth reveals a musty/locker 
room odour and although overt emulsion biodeterioration by fungi is limited 
(Holtzman et al., 1981) fungal growth is the direct cause of more physical 
problems in cutting fluid than bacteria. 
1.5.7 Physical methods to overcome microbial contamination 
Physical methods of microbial control have the advantage compared to biocides 
of not posing disposal or environmental problems. However, the disadvantages 
of recontamination immediately after treatment, as sterile cutting fluid re-enters 
an environment contaminated with biofilm, outweighs the advantages. Several 
methods have been tested, but control of microorganisms has been limited and 
most work has been performed on bacteria with little investigation with fungi. 
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1.5.7.1 Thermal pasteurisation 
The heating of cutting fluid to 63-70°C for 20-60 seconds significantly reduced 
bacterial populations (Christiansen, 1979; Hill & Elsmore, 1983; Rowe, 1982), 
but net kill exceeding net growth or reinoculation rate was required for this 
method to be useful. The advantages of no cutting fluid incompatibility or 
environmental problems or toxicity is balanced with disadvantages including 
heating requirements, cost and higher coolant operating temperature reducing 
performance and increasing evaporation and factory temperature / humidity. 
1.5.7.2 Irradiation 
Mixer et al. (1969) and Rossmoore & Brazin (1968) determined LDso values for 
bacteria using gamma radiation. In addition to low radioresistance, Heinriches & 
Rossmoore (1971) and Rossmoore (1986) reported chemical biocides and 
radiation to behave synergistically allowing smaller radiation doses to be used. 
Additionally, oil emulsion stability was increased with a dose of 100 krad. 
1.5.7.3 Ultrasound 
Bacterial populations were reduced from 109/ml to 104/ml using ultrasound at 
25 kHz (Rossmoore, 1974; Wort & Lloyd, 1979) but was found to be impractical 
for large scale operations. 
1.5.7.4 Filtration 
Currently, filtration and centrifugation are employed for recovery of metal 
debris and tramp oil, and a filtration system designed for removal of microbes 
(Symes & Cowap, 1975) has been successful for small systems « 200 litres) but 
not large systems. Normal filtering systems do not significantly reduce microbial 
numbers in comparison with contaminated coolant. 
1.5.7.5 Centrifu2ation 
Centrifugation can assist In the removal of metal debris on which 
microorganisms attach, reducing microbial populations in the cutting fluid (Cook, 
1979; Rossmoore, 1986), but fungal attachment to weirs and wall biofilm cannot 
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be prevented by centrifugation. The reinoculation of fungal material into the 
system by detachment of wall biofilm results in quick recontamination. 
1.5.7.6 Spar2in2 with CO~ 
Lee & Chandler (1941) reported 90% reduction of microbes in cutting fluid 
following 3 hours treatment with CO2, 
U HEALTH PROBLEMS ASSOCIATED WITH CUTTING FLUID 
1.6.1 Microbiolo2ically related disease 
Prior to 1981, no disease attributed to microbially contaminated cutting fluid 
had been reported, despite pathogens being able to survive, sometimes grow, and 
co-exist with non-pathogens in these products. Workers are exposed to cutting 
fluid by skin contact, inhalation and ingestion, and the surprising absence of 
microbially related disease may be attributed to colonisation of skin and throat 
transiently by pathogens (Rossmoore et al., 1976). The only reported 
microbiological disease associated with cutting fluids was a case of pontiac fever 
caused by Legionella feeleii being distributed by air conditioning, the original 
source being cutting fluid aerosol (Herwaldt et al., 1984). 
1.6.2 Adult respiratory distress syndrome (ARDS) and aerosols 
The inhalation of bacterial endotoxin has been recognised in some professions 
as an occupational hazzard (Burrell & Shu H~ 1990). Rossmoore et al. (1976) 
reported slight immunosuppression of workers by continous inhalation of 
respirable sized droplets contaminated with Pseudomonas spp. However, 
inhalation of droplets containing Klebsiella pneumoniae was considered not to 
increase disease epidemiology, although immunological responses to bacterial 
endotoxin have been reported. The introduction of safety screens will reduce the 
quantity of cutting fluid mist and aerosol inhaled and assist in the prevention of 
possible respiratory disease associated with bacterial endotoxin. 
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1.6.3 Cuttina: fluid and skin disease 
1.6.3.1 Oil acne. folliculitis and chloracne 
Cases of oil acne recognised by papular lesions with variable levels of 
inflammation, are caused by blockage of follicular openings attributed to poor 
hygiene and infection with skin flora such as Staphylococcus aureus. This disease 
is associated with workers using neat oils and EP additives have been 
implemented as the major factor. Bacterial infection originates from skin flora 
(Key et al., 1966) and potentially microbially contaminated cutting fluid seems 
to have no infective role. 
1.6.3.2 Skin carcinoma 
Only the neat oils have been exclusively associated with skin carcinoma and Key 
et al. (1966) implemented shale oil as a likely agent. Skin carcinoma has not been 
reported in situations where aqueous cutting fluids are in operation (Hodgson, 
1973; Sakakibara et al., 1989). 
1.6.3.3 Contact dermatitis 
Contact dermatitis is the most widely reported skin problem associated with 
cutting fluids, and a higher incidence is reported with aqueous emulsions than 
neat oils (De Boer et al., 1990). Contact dermatitis is categorised as being 
allergenic or irritant, but symptoms of both are similar and therefore difficult to 
distinguish clinically. Gratten et al. (1989) report that cutting fluid can be irritant 
or allergic and that 44% cases are multifactorial, and that overall, 80% dermatitis 
cases are irritant and 20% are allergic (Menter et al., 1975). 
The disease is characterised by an acute phase of redness (erythema), swelling 
and blisters and a chronic stage of cracking, thickening and scaling skin. Affected 
skin areas are those which are in contact with the coolant. De Boer et al. (1989) 
recognised dermatitis being more common in workers with prolonged contact with 
the coolant and that individual susceptibility to dermatitis is a significant 
determinant in disease severity (Geretzi, 1983 in De Boer et al., 1989). 
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1.6.3.4 Irritant contact dermatitis 
Irritant contact dermatitis occurs after damage to the protective stratum corneum 
layer of dead squamous epithelial cells on the skin surface, by low grade irritants 
such as soaps, solvents and liquids at high pH (Menter et al., 1975). The 
condition is worsened when skin is exposed to harsh cleaning solvents and low 
humidity subsequent to insufficient skin drying. Pryce et al. (1989) report that 
soluble oils have an important role in irritant dermatitis, the neat oils being 
slightly less important (Sakakibara et al., 1989). 
1.6.3.5 Aller2ic contact dermatitis 
Allergic contact dermatitis occurs when an individual is sensitised to a particular 
agent, and can be considered as a hypersensitivity response. Sensitisation occurs 
with any material and although much research has been performed with coolant 
materials by skin patch testing (De Boer et al., 1989; De Boer et al., 1990; 
Gratten et al., 1989; Menter et al., 1975; Sakakibara et al., 1989), no such work 
has investigated involvement of microbial metabolites. The cutting fluid 
constituents most associated with contact dermatitis are biocides (De Boer et al., 
1989) and work by Gratten et al. (1989) demonstrated formaldehyde release 
biocides to be the greatest sensitiser. However, Alomar et al. (1985) in Gratten 
et al. (1989) reported that in a study of 230 patients, 20.8% and 20.4% were 
sensitive to benzisothiazolone and triethanolamine respectively and Keczkes & 
Brown (1976) reported thathexahydro-1 ,3,5-tris(2-hydroxyethyl) triazine was also 
a strong sensitiser. 
The higher incidence of contact dermatitis associated with emulsions than neat 
oils is probably attributed to the use of biocides in emulsions (De Boer et al., 
1990). 
Suspended metal fragments in cutting fluid may be an additional sensitising 
agent. Nickel has been reported as the most common agent (De Boer et al., 
1989), but cobalt and chromium also playa role as sensitisers (Einerson et al., 
1975 in Gratten et al., 1989). 
Key et al. (1966); Menter et al. (1975) and Ryecroft (1980) consider 
microbial involvement in skin disease and contact dermatitis unlikely, but 
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sensitising effects from possible microbial metabolites must not be ignored. 
1.6.3.6 Assessment of dermotoxic compounds 
In vivo testing is expensive, seen by many as immoral, and may lack 
reproducibility, therefore alternatives using in vitro systems are highly desirable 
alternatives for toxicity testing. Van De Sandt et al. (1993) described a full 
thickness skin testing method where skin was removed from healthy rabbits and 
treated with known dermal irritants. A dye reduction assay (Mosman, 1983) was 
adapted for organ culture and performed on skin slices 0, 24 and 48 hours after 
removal of the irritant compounds. In some cases, recovery of skin culture was 
observed which demonstrates that this assay is also a suitable indicator of chronic 
toxicity. 
An assay using transcutaneous electrical resistance (TER) as an indicator of 
corrosivity and irritability has been described. Full thickness human skin from 
healthy biopsies was used to determine changes in TER after treatment of skin 
discs for 24 hours with corrosive / irritant compounds (Whittle & Basketter, 
1993b). The work was originally performed on rabbit full thickness skin (Whittle 
& Basketter, 1993a) and, with both skin sources, TER decreased when the skin 
was sensitive to the compound tested and a TER < 11.0 kOhms was chosen for 
the corrosivity threshold. This method of skin toxicity testing has not yet been 
applied to cutting fluid materials. 
Known producers of dermotoxic metabolites, Fusarium spp. are frequently 
isolated from contaminated cutting fluid and a possible role of fungal metabolites 
in skin disease has been hypothesised but no work has been performed to 
investigate this implication. One of the aims of this project is to gain a better 
understanding of the involvement of fungi in cutting fluid as having a potential 
role in increased product toxicity and skin disease. 
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1.7 MYCOTOXINS. SECONDARY METABOLITES AND FUSARIUM. 
1.7.1 Mycotoxins - an introductory account 
Mycotoxins are metabolites which are produced by fungi during the stationary 
phase of growth by secondary metabolic routes. Limitation of energy source, 
essential nutrients or change in ecological status may result in biochemical 
differentiation leading to the activation and operation of secondary metabolic 
pathways, perhaps accompanied by morphological changes (Moss, 1994). 
Mycotoxin involvement may have the greatest impact in food (Austwick, 1984; 
Davis et al., 1975a; Moss, 1991) where acute and chronic poisoning from a wide 
variety of mycotoxins in many food commodities have been reported. Mycotoxins 
and other toxic fungal metabolites can be classified by their chemical 
characteristics or role in disease. 
1. 7.2 The importance of fusaria} mycotoxins 
Fusarium spp. have been widely reported to produce a variety of toxic 
secondary metabolites, and were first recognised as the agent for a widespread 
outbreak of alimentary toxic aleukia (ATA) in the U.S.S.R. in 1946. Grain 
overwintered in cold and damp conditions permitted infestation with Fusarium 
sporotrichioides, which produced characteristic trichothecene metabolites such as 
diacetoxyscirpenol (DAS), nivalenol (NIV), deoxynivalenol (DON) and T-2 toxin 
(figure 1.1) under the prevailing conditions. Bergers et al. (1985) and Ueno et al. 
(1970) reported that T-2 toxin yields were greater from Fusarium sporotrichioides 
cultures incubated at 15°C than 27°C, suggesting that the cold environment may 
have played a role in the 1946 outbreak. An inverse proportional relationship 
between biomass and toxin yield was demonstrated by Ueno et al. (1970) where 
minimum biomass and maximum toxin yield occurred at 10°C. The ingestion of 
infested grain resulted in characteristic symptoms of trichothecene toxicosis 
including thrombocytopenia, haemorrhaging, heart failure and severe dermatitis. 
It was found that 0.08 mg/kg T-2 toxin fed to laboratory animals was sufficient 
to cause immunosuppressive disease (Lutsky et al., 1978). Although 
trichothecenes are important in spoiled foods, skin contact with these metabolites 
will result in dermatitic lesions (Campbell, 1991). 
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Figure 1.1 
Representative molecular structures of trichothecene mycotoxins. 
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The toxic mode of action from trichothecenes occurs by inhibition of protein 
synthesis in cells, and Ueno et al. (1969) and Ishii et al. (1974) reported that 
fusarenone-x from Fusarium nivale (subsequently reidentified as Fusarium 
sporotrichioides) inhibited protein synthesis in rabbit reticulocyte cells by 
disturbing uracil uptake and interfering with polyUracil-directed synthesis of 
polyphenylalanine units. 
The toxic metabolite zearalenone produced by Fusarium oxysporum has been 
implicated in breast enlargement in young males (Scaglionli, 1978). The toxin 
behaved as an oestrogen analogue, binding to and activating the oestrogen 
receptors in vivo. 
1.8 DETECTION OF MYCOTOXINS BY PHYSICO-CHEMICAL 
METHODS 
1.8.1 Thin-layer-chromatol:raphy (T.L.C.l 
Work using thin layer chromatography to detect or screen for toxic fungal 
metabolites has been described in numerous publications. Robb & Norval (1983) 
and Robb, Norval & Neill (1990) have performed tests comparing a range of 
mycotoxins using T.L.C. and bioassays. Detection limits with T.L.C. were 
similar to bioassays (cell culture), the limit being 0.05 ug/ml for T-2 toxin and 
DAS. 
Where a test material contains mUltiple mycotoxins, T.L.C. is particularly 
useful facilitating metabolite separation and subsequent purification. Many 
different solvent systems have been used in chromatography, but a single system 
must be used in comparative work. 
Sano et al. (1982) described a method for specifically detecting trichothecenes 
by visualising a derivatised epoxide group under ultraviolet light (360nm) 
following reaction with nicotinamide and 2-acetyl pyridine. Detection limits were 
found to be very low (10-25ng/spot) and could also be determined 
fluorodensitometrically. 
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1.8.2 Gas chromatol:raphy 
Purified toxin samples can be investigated further by techniques such as gas 
chromatography and mass spectroscopy to obtain information relating to the 
structure of the molecule. 
1.9 THE ROLE OF BIOASSA YS IN MYCOTOXIN DETECTION 
Bioassay s have several advantages in comparison with physico-chemical 
methods, they can be less expensive and avoid the use of toxic chemicals such as 
solvents and spray reagents and may be easier to perform when working with 
large numbers of samples. 
Much work has been performed on fusarial mycotoxins, particuarly the 
trichothecenes, using bioassays utilising a wide range of assay organisms. Little 
work, however, relating to non-trichothecene metabolites from Fusarium solani 
has been reported. 
1.9.1 Brine shrimp and insect larval bioassay 
The application of brine shrimp larvae (Artemia salina L.) to toxicity testing of 
fungal metabolites has been reported by Bijl et al. (1981), Davis et al. (1975a), 
Durackova et al. (1977), Eppley (1974), Harwig & Scott (1971), Hoke et al. 
(1987), Visconti et al. (1992) and Wood (1988). Eggs are commercially available 
and the assay is relatively simple to perform with relatively low detection limits 
for a number of fungal metabolites. Minimum detection limits for T-2 toxin and 
DAS were 0.05 ug/ml and 0.125 ug/ml respectively. Curtis et al. (1974) in Davis 
et al. (1975a) reported that fatty acids produced by some fungi may be toxic to 
brine shrimp leading to false positive results, and it was recommended that 
bioassays should involve two organisms. Eppley (1974) described the most 
optimal conditions for larval hatching and suitable bioassay duration which would 
yield consistant results with low mortality amongst control larvae. The assay has 
been applied to the testing of river water for trichothecenes by Hoke et al. 
(1987). 
Davis et al. (1975b) used yellow mealworm larvae (Tenebrio moUtor) to assay 
mycotoxins in plant materials supporting fungal growth. Results were variable 
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with some toxins exhibiting growth promoting behaviour. 
1.9.2 Protozoal bioassay 
Bijl et al. (1981) investigated the effects of trichothecenes on the protozoan 
Tetrahymena pyriformis and Colpidium campylum. These organisms were found 
to be rather insensitive (detection limit > 1 ug/ml) and complex growth 
conditions made the assay less simple to perform than with brine shrimp. 
Ueno & Yamakawa (1970) found fusarenone-x, nivalenol and DAS from 
Fusarium sporotrichioides to be inhibitory to Tetrahymena pyriformis where 
protozoa in stationary cultures were more sensitive to the toxins than synchronous 
cultures. Inhibitory doses for DAS, fusarenone-x and nivalenol were 0.01 ug/ml, 
5 ug/ml and 25 ug/ml respectively. 
1.9.3 Plant seedlinl: bioassay 
Burmeister & Hesseltine (1970) and Wood (1988) tested pea seedlings (Pisum 
sativum) with T-2 toxin and they were found to be sensitive to doses of 0.01 
ug/ml. Trichothecenes were tested on tobacco plant (Nicotiana sylvestris) and 
pollen grain growth was inhibited by 0.02 ug/ml T-2 toxin and 0.05 ug/ml DAS 
(Siriwardana & Lafont, 1978), demonstrating high sensitivity to toxins, but many 
tests were needed to ensure reproducibility. 
1.9.4 Chick toxicity bioassay 
Kirksey & Cole (1974) screened for toxin producing fungi using one-day old 
cockerels fed peanuts contaminated with toxigenic fungi. A decrease of sensitivity 
to mycotoxins was associated with increased chick maturity. Prelusky et al. 
(1987) determined the most optimal site for sample injection into chick embryos. 
Injection of T-2 toxin into the yolk resulted in 100% mortality whereas injection 
into airsacs, equator or at 45° position resulted in much lower and variable 
mortality, suggesting that a standardised procedure should be used. The 
requirement for a large number of eggs and expensive incubation apparatus makes 
this method of bioassay unsuitable for a large number of samples. 
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1.9.5 Bacteria and yeasts bioassay 
An assay for mycotoxins produced by what was then referred to as Fusarium 
tricinctum was described by Burmeister & Hesseltine (1970). The yeast 
Rhodotorula rubra was found to be insensitive to T-2 toxin below concentrations 
of 40 ug/ml and bacteria tested, Bacillus megate-num and Bacillus 
stearothermophilus, were found to be similarly insensitive (50 ug/ml detection 
limit). Bacterial cultures also suffered from frequent contamination during the 
assay (Wood, 1988). Work by Moss & Adak (1986) demonstrated that the yeast 
Hansenulafabianii was sensitive to T-2 toxin with a detection limit of 0.1 ug/ml. 
1.9.6 Cell culture bioassay 
1.9.6.1 Cell-lines 
Cell-lines used for the assay of mycotoxins have become more important, Wood 
(1988) used baby-hamster-kidney (BHK) and rat liver cells, whereas Robb & 
Norval (1983) used Hep2 and Chang liver cells to determine the cytotoxicity of 
a range of mycotoxins. 
Immunotoxicity of mycotoxins, particularly trichothecenes and some fusarial 
pigments (Minervini et al., 1992) has been determined on lymphocytes (Porcher 
et al., 1987; Visconti et al., 1991; Visconti et al., 1992). Lymphocytes were 
found to be considerably more sensitive to mycotoxins than most physico-
chemical techniques. Senter et al. (1991) reported BHK cells to be very sensitive 
to some metabolites and 0.05 ug/ml T-2 toxin was sufficient to inhibit cell 
growth. 
Studies of mycotoxins inhibiting protein synthesis using radio-labelled amino 
acids (Scossa-Romano et al., 1987; Thompson & Wannemacher, 1984; Ueno et 
al., 1969; Ueno et al., 1973) and DNA/RNA synthesis using radio-labelled 
nucleotides (Thompson & Wannemacher, 1984) have been performed on cell-
lines, revealing the mode of action of some mycotoxins. 
Robb, Norval & Neill (1990) developed fluorescent flow cytometry that did not 
require use of radiolabelled compounds in the assay making the method faster and 
safer than previous work. The ability of mitochondria in active cells to absorb 
rhodamine stain whereas inactive cells lose this ability results in a change of 
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fluorescenc.e which is readily detectable by (oulter counter. This bioassay is 
reported to be less sensitive to interference by fatty constituents than other assays. 
The uptake of vital stains is dependant upon cell metabolic activity and when 
cellular metabolism is compromised by cytotoxic compounds the uptake of dyes 
and ability to stain is reduced. Neutral red uptake was used to determine the 
quantity of cell attachment (Guenicle & Ponec, 1993) and chemosensitive 
membrane damage (Van De Sandt, 1993). In healthy cells, neutral red 
accumulates in lysosomes after passing through the cell membrane. Membrane 
damage has occurred when little or no accumulation of dye is detectable. 
Cell culture assay in comparison with in vivo study has the advantages of 
reliability, low cost and requirement for only small sample quantities. Cell culture 
can be used to assay many aqueous materials, although application of these 
methods to cutting fluid have not been reported. 
1.9.6.2 Rapid cell culture bioassay 
Saunders (1984) developed a rapid and simple to perform colorimetric assay. 
Fibroblast cells from one-day old Syrian hamsters, BHK-211C13 were used to 
screen for mycotoxins in feeds and feed additives. A pH indicator in the cell 
culture medium detects the decrease in pH associated with healthy cell growth. 
When cells are metabolically inactive the pH decrease is absent, and by observing 
colour change, the presence of a toxic metabolite in a sample can be determined. 
A similar rapid colorimetric bioassay, based on work by Mosman (1983), has 
been developed by Visconti et al. (1991). The colour change, detectable on an 
ELISA scanner is determined by MIT -tetrazolium bromide cleavage to MIT-
formazan by mitochondrial succinyl dehydrogenase. Presence of mycotoxins 
inhibit the mitochondrial enzyme, resulting in no substrate cleavage and the 
colour change being absent. The advantage of this assay is that quantitative 
detection of mycotoxins can be performed. 
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1.10 FUSARIUM SOLANI AND MYCOTOXINS 
1.10.1 Fusarium solani and trichothecenes ? 
Ueno et ale (1973) demonstrated the ability of Fusarium spp. to produce a 
number of potent mycotoxins including DAS, solaniol and T-2 toxin from 
Fusarium solani. However, Marasas, Nelson & Toussoun (1984) reported the 
reidentification of this isolate as Fusarium sporotrichioides and, although there 
is no doubt that many strains of Fusarium solani are toxigenic, the toxicity of 
none of them has been shown to be attributed to the production of known 
trichothecenes. El-Banna et ale (1984) reported Fusarium solani to produce 
quantities of deoxynivalenol ranging from undetectable levels to 23.8 ug on potato 
tubers. Further work performed in glucose, peptone and yeast extract medium 
revealed that the toxin was only produced when cultures were shaken in the dark. 
Toxigenicity was associated with the decrease of naphthoquinone pigment 
synthesis and increase of microconidia. 
1.10.2 Fusarium solani and other metabolites 
Although Fusarium solani has only been reported to produce very small 
quantities of DON (El-Banna et al., 1984), it is known that an array of slightly 
toxic red to maroon pigmented naphthoquinone compounds is more common 
(Pari sot et al., 1990), which are regarded as the most significant secondary 
metabolites produced by this species. 
The naphthoquinones javanicin and substituted 2-methoxy-5,8-dihydroxy-
naphthoquinones (figure 1.2) demonstrate antibiotic, fungitoxic, insecticidal, 
phytotoxic, biological membrane modifying and metal chelating properties 
(Pari sot et al., 1990). 
Antibiotic activity has been demonstrated against bacteria (Kern, 1978 and 
Ammar et al., 1979 in Parisot et al., 1990); Blowfly (Claydon et al., 1987 in 
Pari sot et al., 1990); pea-seedlings (Kern et al., 1972) and protozoa (Kern, 1978 
in Pari sot et al., 1990). Naphthoquinones have not been reported to be 
dermotoxic to animals or toxic to humans, suggesting little significance to human 
health. 
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Figure 1.2 
Structures of naphthoquinones. 
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Kern et al. (1972) reported that ammOnium nitrogen was essential for 
naphthoquinone biosynthesis and that nitrate was inhibitory. Results were variable 
and Marcinkowska et al. (1982) observed that nitrate was essential for 
production. The contradictory results are attributed to culture conditions and 
strain variation. The optimum level of nitrogen for biosynthesis was 425 ppm 
with higher concentrations being inhibitory. 
Kern et al. (1972) established that trace metals were important in 
naphthoquinone biosynthesis and Zn2+ was found to be stimulatory. Optimal doses 
for Zn2+ and Mg2+, which were essential for synthesis were 11.4 ppm and 79 
ppm respectively. Little other work has been performed investigating the effects 
of metal ions and the possible involvement of metal components in cutting fluids 
on Fusarium solani physiology is not understood. 
Baker et al. (1982) reported that naphthoquinone synthesis started when pH 
decreased from 6 to 3 and that preventing pH decrease inhibited synthesis and 
that formation could be induced by adjusting to pH 3 using mineral acids. 
The non-production of these compounds above pH 6 suggests that production 
in cutting fluid at pH 8.5-9.5 is unlikely. Low yields of crude trichothecenes from 
Fusarium sporotrichioides were extracted from culture material at pH 8.4 (Ueno 
et al., 1970) implying possible similar behaviour with Fusarium solani and 
naphthoquinone synthesis under some environmental conditions and pH greater 
than 6. 
Some organIC compounds have been found to affect naphthoquinone 
biosynthesis, Ippm aspartic or glutamic acid enhanced production (Pari sot et al., 
1990) and the growth inhibitor 5-fluorouracil resulted in an inverse proportional 
relationship where a predicted decrease of biomass was associated with metabolite 
production increase. 
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Chapter Two 
Media and general methods. 
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2.1 Treatment of moulds isolated from cuttin&: fluid 
2.1.1 Isolation of fun&:i from cuttin&: fluid 
1ml contaminated cutting fluid or Ig cutting fluid sludge biofilm were 
homogenised in 9ml maximum recovery diluent (MRD). Tenfold dilutions were 
performed in MRD prior to aliquoting O.lml onto selective media for isolation 
and enumeration by spreadplate technique. Three selective media were used; 
Selective Fusarium agar SFA (Burgess & Liddell, 1983); glucose, 20g/L; 
KH2P04 , O.5g/L; NaN03, 2g/L; MgS04.7HzO, O.5g/L; yeast extract, 19/L; 1 % 
FeS04.7HzO, 1mllL and agar, 20g/L, for the isolation of Fusarium species; 
Dichloran-glycerol medium DG18 (Samson & Reenen-Hoekstra, 1988); glucose, 
8g/L; peptone, 4g/L; KH2P04 , O.8g/L; MgS04.7H20, O.4g/L; glycerol, 152mllL; 
agar, 15g/L; tapwater, 400mllL; chloramphenicol, 60mg/L and dichloran, 
2mg/L, for the isolation of xerophi¥ic moulds, and malt extract chloramphenicol 
agar MEC/5 (Samson & Reenen-Hoekstra, 1988); malt extract, 10g/L; agar, 
18g/L and chloramphenicol, 60mg/L, for the isolation of a wide range of moulds. 
Plates were incubated at 25°C for 21 days with colony enumeration at 4 day 
intervals and subculture of colonies onto potato sucrose agar PSA (Booth, 1971); 
sucrose, 20g/L; agar, 15g/L; distilled water, 500mllL and potato water (1800g 
peeled King Edward potatoes boiled in 4.5L water and filtered through 
cheesecloth) . 
2.1.2 Mould identification and use of dia&:nostic media 
Fungal colonies were scrutinised on PSA and oatmeal agar (Booth, 1971); 
oatmeal, 30g/L; agar, 20g/L, using light microscopy and identified using criteria 
outlined in Samson & Reenen-Hoekstra (1988). Fusarium spp. were identified and 
investigated further using publications by Booth (1971), Burgess & Liddell (1983) 
and Toussoun & Nelson (1968). Fusarium solani and Fusarium oxysporum were 
distinguished by pigmentation characteristics in the presence of sugar alcohols 
using a diagnostic medium (Brayford & Bridge, 1989); NH4H2P04 , Ig/L; KCL, 
O.2g/L; MgS04 .7HzO, O.2g/L; agar, 12g/L and sugar alcohols 10g/L (mannitol, 
sorbitol or xylitol). Sporulation was best observed on Synthetischer 
Nahrstoffarmer agar SNA (Samson & Reenen-Hoekstra, 1988); KH2P04 , Ig/L; 
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KN03, 19/L; MgS04.7H20, 0.5g/L; KCI, 0.5g/L; glucose, 0.2g/L; sucrose, 
0.2g/L and agar 15g/L. 
2.1.3 Subculture and maintenance 
Following identification, fungal isolates were temporarily subcultured on SNA 
medium and incubated at 25°C, whereas long term maintenance of cultures was 
performed on maintenance medium MM slopes; yeast extract, 2g/L; malt extract, 
8g/L; sucrose, 5g/L and agar, 18g/L. Prior to storage or further investigation, 
Fusarium spp. were grown on SNA medium from single spores (Booth, 1971; 
Burgess & Liddell, 1983) before transfer to MM. Maintenance cultures were 
grown at 25°C for 2 weeks prior to storage at 4°C. The isolate Fusarium solani 
ISL-45 has been deposited at International Mycological Institute, IMI no. 360547. 
2.2 Experiments usinl: liquid culture media 
2.2.1 Media 
Fungal cultures were grown in either Borrow's nutrients modified medium BNM 
(Frank & Moss, 1984); sucrose, 62.2g/L; NH4N03 , 3.5g/L; KH2P04, 2g/L; 
MgS04.7H20, 0.38g/L; glycine, 3.5g/L and Borrows micronutrients (ZnS04, 
1ppt; FeS04, 1ppt; CUS04, 0.15ppt; MnS04, 0.1ppt; K2Mo04, 0.1ppt), 2mllL, 
or glucose-peptone-yeast medium GPY (Ueno et al., 1975); glucose, 50g/L; 
peptone, 19/L and yeast extract, 19/L or Czapek-Dox liquid medium CDM 
(Oxoid) in 250ml conical flasks containing 50ml medium. 
2.2.2 Incubation and culture treatment 
Flasks were inoculated with 0.5cm2 SNA plug of pure culture for primary 
toxicity screening experiments or 0.2ml suspension from a 2 day BNM vegetative 
mycelial culture in subsequent experiments. GPY cultures were incubated on a 
rotary shaker at 190rpm for 9 days whereas BNM and CDM cultures were 
incubated under these conditions for 5 days. 
During culture harvesting, fungal material was passed through Whatman no. 
1 filterpaper under vacuum and dry weight of biomass was determined by drying 
filterpaper in an oven overnight at 90-105°C. Culture filtrate was passed through 
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Whatman GF/C glassfibre filter to remove finer debris and prior to extraction 
140ml of filtrate was adjusted to pH 4 whereas 10ml filtrate for direct toxicity 
screening was adjusted to pH 7. 
2.2.3 Solvent extraction 
140ml culture filtrate was treated twice with 25ml chloroform/ethylacetate (2: 1) 
in a separating funnel. Each treatment was performed for 30 minutes or until 
hydrophobic and water phases had separated. The solvent extract was then passed 
through What man IPS phase separatory filterpaper containing anhydrous sodium 
sulphate to remove water prior to reducing extract volume by rotary evaporation 
(Buchi Rotavapor) and exposing extract to a stream of nitrogen on a heated 
manifold (40°C) until dried. 
2.3 Experiments usinl: cuttinl: fluid 
2.3.1 Cuttinl: fluid preparation 
Cutting fluid concentrate was aseptically added to a sterile solution of 0.1 % 
yeast extract (M.O.D. paper/defence standard 91-70/issue 1). All experiments 
using unmodified cutting fluid were performed in an emulsion at 5% (v/v) and 
using sterile deionised water (Milli-Q) and the emulsion was aseptically dispensed 
into flasks prior to inoculation. 
2.3.2 Incubation and treatment of culture 
Cutting fluid was inoculated with a 2 day vegetative suspension as described in 
2.2.2. Inoculum volume was dependent on the volume of emulsion being 
inoculated. Flasks were incubated at 25°C on a rotary shaker at 190rpm for 14 
days unless otherwise stated. Emulsion was treated in a similar manner to culture 
media experiments for dry weight determination (2.2.2) except that filterpaper 
was washed with approximately 25ml propan-2-01 to remove excess oil absorbed 
on the mycelium. 
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2.3.3 Cuttin~ fluid extracts 
Following biomass removal, 125ml emulsion was split by addition of 6.5g 
sodium chloride and adjustment to pH 1.6-1.8 with concentrated hydrochloric 
acid. After standing for approximately 1 hour, the aqueous phase was carefully 
removed by syringe then centrifuged at 7000rpm (7520 g in Beckman 12-21 M/E 
centrifuge) for 30 minutes followed by removal of 100ml virtually oil-free 
aqueous phase by pipette. 10m! aqueous phase was adjusted to pH 7 and retained 
for bioassay and 90ml was treated twice with chloroform/ethylacetate (2: 1) as 
described in 2.2.3. 
2.4 Bioassays 
2.4.1 Treatment of extracts and culture material 
2.4.1.1 Culture media extracts and filtrates 
Extracts were reconstituted in Iml extraction solvent and divided into 0.25ml 
aliquots then dried under nitrogen. Divided aliquots were reconstituted in 0.5ml 
dimethylsulphoxide DMSO (Clark, 1989) then diluted 20-fold in phosphate 
buffered saline (PBS) followed by passage through a 0.2um pore Minisart filter 
to remove potential microbial contaminants. Culture filtrate was filtered in a 
similar manner then both filtrates and reconstituted extracts were diluted in an 
appropriate sterile diluent prior to assay. Material to be tested in the brine shrimp 
bioassay was diluted in artificial sea water, whereas PBS was used for dilution 
of materials in the cell-line bioassay. Concentration of DMSO in reconstituted 
extracts was not permitted to exceed 5 % for brine shrimp bioassays or 1.25 % for 
cell-line bioassays, where at higher concentrations solvent toxicity was found to 
be increased and affect result accuracy. 
2.4.1.2 Cuttin~ fluid emulsions 
Cutting fluid samples were adjusted to pH 7 and carefully passed through 0.2um 
pore filters as in 2.4.1.1. Sterile emulsion was then diluted in PBS prior to cell-
line bioassay. 
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2.4.2 Brineshrimp larvae (Arlemia salina L.) bioassay 
Brineshrimp eggs were treated similarly to the method described by Harwig & 
Scott (1971). 0.2g brineshrimp eggs (lnterpet) were added to 100ml sterile 
artificial seawater (ASW) in a 250ml flask. ASW contains; sodium 
glycerophosphate, 3g/L; NaCI, 30g/L; CaCI2.2H20, 0.3g/L; MgS04.7H20, 
0.5g/L; MgCI2.6H20, 1.5g/L; KCI, 0.8g/L; MgBr2.6H20, O.lg/L and glycine, 
6g/L adjusted to pH 7.1-7.3. 
Eggs were incubated for 18-24 hours under moderate aeration to obtain 
maximal yield of larvae (Eppley, 1974). Hatched larvae were harvested by 
pipetting portions of hatched shrimp suspension onto a glass concave dish and 
positioning a lamp to one side of the dish. The larvae exhibit phototropism and 
congregate near the dish edge facing the lamp. Live larvae (20-30) were deposited 
in wells of a 25 chamber replidish, containing 2ml culture filtrate or reconstituted 
extract per well. The assay was carried out in light at room temperature and 
counts of inactive/deceased shrimp were made at 5 hours followed by the main 
count at 24 hours. Eppley (1974) reported that 24 hour assay time gave the most 
reliable and reproducible results with minimal control mortality. Final counts 
were performed by counting inactive larvae and killing the remainder with 
lactophenol blue followed by enumeration of the total, and determining the 
mortality. 
2.4.3 Cell-line work 
2.4.3.1 Cell culture maintenance 
Four cell-lines; Vero, HeLa, LLCMK2 (supplied by School of Biological 
sciences, University of Surrey) and Human skin fibroblasts (supplied by ECACC, 
no. 90011810 / 161BR) were used for toxicity determination. Cell-lines were 
maintained throughout in 75cm2 cell culture flasks with passaging every 4-7 days. 
Cells were grown in Eagles growth medium; Eagles minimum essential medium 
(lCN Flow), 10% (v/v); newborn bovine serum (lCN Flow), 10% (v/v); 
penicillin (104 I.U.lml) / streptomycin (lOmg/ml) stock, 1 % (v/v); glutamine 
(200mM), 1 % (v/v); NaHC03 (7.5 % stock), 2 % (v/v) and amphotericin B 
(250ug/ml stock), 1 % (v/v) in milli-Q water. Human skin fibroblasts were grown 
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In a similar medium containing foetal bovine serum, 15% (v/v) instead of 
newborn bovine serum. 
Passaging was performed by washing the confluent cell monolayer with PBS 
then trypsinising for 5 minutes at 37°C with trypsin /versene solution before 
transferring the cell suspension to fresh medium and aliquoting to flasks. Cell 
cultures were incubated at 37°C under 5 % CO2 and removed from the incubator 
when cell monolayers were confluent. 
2.4.3.2 Cell culture bioassay 
Reconstituted extract and culture filtrate dilutions were assayed in 24 well 
Nunclon multidishes. 0.5ml sample was aliquoted into plate wells followed by 
addition of 1.5ml cell suspension (103-1Q4 cells/ml) in cell culture medium. Plates 
were incubated at 37°C under 5 % CO2 and inspected by light microscopy at 24 
and 48 hours to assess toxicity. A sample that was considered toxic was 
associated with a complete absence of cell monolayer or excess damaged cell 
debris whereas a non-toxic sample was associated with a full confluent cell 
monolayer with minimal cell debris. 
2.5 Thin layer chromatol:raphy (T.L.C.l 
2.5.1 General T.L.C. 
Extracts were screened using a method described by Robb & Norval (1983). 
Extracts were standardised by adjustment with chloroform to 15mg/ml and 
applied to Kieselgel Alufolien 60 and Kieselgel Alufoleien 60F254 plates in 2 ul 
aliquots. Plates were developed in toluene-ethyl acetate-formic acid (T.E.F. 
60:30: 10) before drying and spraying with 50% aqueous sulphuric acid and 
heating to 100°C for 4 minutes. Bands were examined under ultraviolet light at 
both 254nm and 360nm wavelengths prior and subsequent to spraying. 
2.5.2 Specific T.L.C. 
A specific T.L.C. method was employed to detect putative trichothecenes in 
samples where epoxide groups in trichothecenes react with the reagents used in 
plate treatment to form a product detectable by UV light. 
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Extracts were applied as described in 2.5.1 and then treated as described by 
Sano et al. (1982). Kieselgel Alufolien plates were developed in 
chloroform/methanol (95:5) and dried before dipping in a solution of 4% 
nicotinamide in acetone/ethanol (5: 1). Solvent was evaporated and the plates 
heated in an oven at 160°C for 15 minutes then cooled to room temperature. The 
plates were then dipped in a 3 % solution of 2-acetylpyridine in n-hexane before 
drying and spraying with 2N potassium hydroxide in 80 % ethanol. The plates 
were then kept at room temperature for 30 minutes before dipping in 30 % formic 
acid solution in diethyl ether. Following removal, the acidified plate was heated 
in an oven at 100°C for 4 minutes. The plates were then inspected under UV light 
(360nm) for light blue spots characteristic of compounds containing epoxides such 
as trichothecenes. 
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Chapter Three 
The diversity of fungal flora in cutting 
fluid. 
Fungal isolate toxicity screening. 
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3.1 INTRODUCTION 
Contaminated cutting fluid and cutting fluid sludge samples were plated onto 
selective media to enumerate and isolate fungal species in an attempt to obtain 
pure cultures. Fungal pure cultures were investigated further by toxigenicity 
screening using bioassays to ascertain whether the species were capable of 
producing toxic metabolites under laboratory conditions indicating a potential role 
of enhancing cutting fluid toxicity. Investigating a relatively large number of 
contaminated samples and isolates has provided a greater understanding of fungal 
ecology in the cutting fluid environment. 
3.2 ENUMERATION 
Out of a total of 32 samples tested, 21 (66%) demonstrated fungal 
contamination, and 13/23 (57%) cutting fluid samples and 8/9 (89%) sludge 
samples tested were contaminated by mould. The highest counts of fungal 
propagules (fungal hyphae and spores) were associated with sludge samples rather 
than cutting fluid samples (table 3.1) and some cutting fluid samples taken from 
sumps containing contaminated sludge were found to contain no fungal materials. 
These results suggest that most of the fungal material in a cutting fluid system is 
associated with the sludge, which when observed by light microscopy was found 
largely to be composed of fungal hyphae. In an industrial situation the small 
numbers of fungal propagules or complete absence of fungal material in the 
coolant can be attributed to fungal growth predominantly occurring as biofilm on 
sump walls rather than submerged planktonic biomass. The predominance of 
cutting fluid-borne fungi as a biofilm results in the enumeration of fungi from 
cutting fluid systems being unrepresentative and Rossmoore & Treusch (1975) 
state that enumerating fungi from cutting fluid alone is an insufficient indicator 
of the true extent of fungal contamination. Complications arise when occasional 
detachment of sludge biofilm results in lumps of biomass of various sizes entering 
the coolant. In this situation enumeration will be increasingly unreliable and 
unrepresentative (Rossmoore & Holtzman, 1974; Rossmoore & Treusch, 1975). 
This unreliability is reflected in samples exhibiting a lower count at neat 
concentration than counts at higher dilutions tested. 
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Table 3.1 
Enumeration of fungi from a Worldwide selection of cutting fluid and sludge 
samples supplied by Castrol International Technology Centre, Pangbourne . 
: : : 
. . 
' .. . '. : : : .. : : . ... · . · . . . 
. . 
: : . . . . : . . · . . . · . 
.. : : : : · . : : : · . 
: : : : 
. . : : : · . .. 
.. : .. : : 
. . 
: · . 
· . 
. . · . . . 
. . . 
· . ... 
: 
: : : .. : · . 
. . . . 
. . : : 
: 
. " . : : 
. . . . . . . . 
N. England, U.K. Ml (1) fluid 0.00 0.00 1.30 
Ml (2) )fluid 0.00 1.00 0.00 
Ml (3) fluid 2.48 2.00 2.30 
M1 (4) fluid 2.00 1.00 2.00 
M1 (5) fluid 0.00 0.00 1.30 
Midlands, U.K. M2 (1) sludge 3.30 3.42 3.45 
M2 (3a) sludge 3.18 3.70 3.54 
M2 (3b) sludge 0.00 2.30 0.00 
M2 (4) sludge >4.30 >4.30 >4.30 
M2 (5) sludge >4.30 >4.30 >4.30 
M2 (8) sludge >4.30 >4.30 >4.30 
M2 (15) fluid 1.48 1.30 2.48 
N. England, U.K. M3 (2) fluid 1.00 2.00 0.00 
M3 (3) fluid 1.30 0.00 1.00 
M3 (5) fluid 2.30 2.32 2.70 
Malaysia M4 (1) fluid 1.70 1.54 1.65 
M4 (2) fluid >4.30 >4.30 >4.30 
M4 (3) fluid >4.30 >4.30 >4.30 
M4 (4) sludge >4.30 >4.30 >4.30 
Japan M5 sludge >4.30 >4.30 >4.30 
Norway M6 fluid >4.30 3.59 >4.30 
Table presents data from contaminated samples only. 
(Ml : 5/5 fluid samples; M2 : 118 fluid & 617 sludge samples; M3 : 3/6 fluid samples; M4 : 3/3 fluid 
& 111 sludge sample; M5 : 111 sludge sample; M6 : 111 fluid sample demonstrated fungal 
contamination) . 
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This is chiefly caused by clumping of hyphae or fungal spores followed by 
dispersal, during dilution, by pipetting action or less hyphal adhesion to vessel 
surfaces liberating greater fungal propagules at higher dilutions. Other 
possibilities for this type of discrepancy include hyphal fragmentation by pipetting 
action and dilution of any biocide present in field samples, which may be 
inhibitory to growth at neat concentrations and less inhibitory at higher dilutions. 
The count associated with the neat dilution has been reported by Rossmoore & 
Treusch (1975) and Rossmoore (1986) to be the most acceptable value in sample 
enumeration, but emphasis must be put on the inherant inaccuracy associated with 
such counts attributable to the effect of fungal biofilm. 
The high counts, on selective media of fungal propagules from sludge biofilm 
accompanied by absence of counts associated with cutting fluid from one sump 
source may be attributed to the resistance of large masses of fungal material to 
antimicrobial agents in the selective medium. The smaller size of propagules in 
the cutting fluid may be more sensitive to the antimicrobial agents in the selective 
medium resulting in growth inhibition. This behaviour was observed with many 
of the Midlands, U.K. samples (table 3.1), where fungal growth occurred in 6/7 
sludge samples accompanied by absence of growth in the corresponding cutting 
fluid samples. When these cutting fluid samples were plated on non-selective 
media (malt extract agar), very low counts ( < log 1.0 cfu/ml) were obtained, 
suggesting that these results were not entirely explained by the difficulties of 
enumerating planktonic and submerged fungal contamination in cutting fluid. 
The lack of growth associated with one sludge sample may be attributed to 
death, inhibition or decreased organism resistance (maybe by increased biocide 
concentration in sump sludge) prior to sampling rather than inhibition of growth 
, 
by antiml crobial agents in the medium. 
Although virtually all counts with sludge samples were not affected by the 
selective media, many cutting fluid samples (50 %) exhibited lower fungal counts 
on DGI8, which directly relates to the nature of the medium. DG18 is used for 
the isolation of fungal organisms able to grow on substrates with reduced water 
activity. The lower numbers of cutting fluid fungal organisms on this medium 
reflects the inability of cutting fluid-borne organisms to grow upon or adapt to 
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lower water activity substrates. There were only four cases of increased counts 
with DG 18 in comparison with other media and two were associated with sludge, 
which may be attributed to sufficient water present in the sludge material to 
sustain survival and growth. Another two cases were observed with cutting fluid 
samples, where low counts (log 1.0-2.0 cfu/ml) were obtained, which maybe 
perhaps attributed to increased organism resistance to low water activity. 
The counts on SFA and MEC/5 were generally similar, although in 5 cases out 
of 21 (24%) (table 3.1) slightly higher counts were obtained with MEC/5 than 
other media and only 2/21 (10%) slightly higher counts were associated with SFA 
than other media whereas 6/21 (29%) counts were lower with SFA than other 
media. The presence of dichloran, an antifungal agent, in SFA results in the 
inhibition of some moulds resulting in lower counts in comparison with media not 
containing such agents, where higher counts were obtained. 
3.3 CUTTING FLUID SAMPLES AND FUNGAL IDENTIFICATION 
A wide range of fungal microorganisms were isolated from the twenty-one 
contaminated cutting fluid and sludge samples. The samples with the most species 
diversity were from the U.K. (three sources - 15 samples) and Malaysia (one 
source - four samples). 
Unequivocably, Fusarium solani was by far the most frequently isolated mould 
from the samples tested (Table 3.2), and high isolation frequencies of this 
organIsm are in aggreement with other workers (prince & Morton, 1991; 
Rossmoore, 1986). Fusarium solani was isolated from 17/21 (81 %) of all 
contaminated samples tested with an isolation rate of 100% from contaminated 
sludge and 9/13 (69%) from contaminated cutting fluid samples. Fusarium solani 
was isolated from samples from all sources Worldwide, including the samples 
from remarkably different climatic regions such as Malaysia and Norway. It is 
likely that adaptation to the differing ambient temperatures in the various 
locations occurs resulting in the ability of the organism to be widely isolated. 
Alternatively, strain variation with differing optimum temperature requirements 
may result in this apparent adaptation to large temperature ranges. 
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Table 3.2 
Fungi isolated and identified from a Worldwide selection of contaminated cutting 
fluid and sludge samples showing frequency of species isolation . 
: 
. . : : . . ' : " . " . · ; .. .. · .. : " : ,: ': : 
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. . . 
. ' : .. 
': : · . 
. .. : : : · . . . . . . . .. . .. . . : : . . . . 
U:K. Fusarium solani 5/9 (56%) 6/6 (100%) 
Basidiom ycete 4/9 (44%) 0/6 (0%) 
Aureobasidium pullulans 1/9 (11 %) 0/6 (0%) 
Penicillium sp. 2/9 (22%) 0/6 (0%) 
Cladosporium sp. 1/9 (11 %) 0/6 (0%) 
Fusarium oxysporum 1/9 (11 %) 0/6 (0%) 
Acremonium strictum 2/9 (22 %) 0/6 (0%) 
Phialophora sp. 2/9 (22%) 0/6 (0%) 
Alternaria sp. 119 (11 %) 0/6 (0%) 
Malaysia Fusarium solani 3/3 (100%) 111 (100%) 
Basidiomycete 1/3 (33%) Oil (0%) 
Trichosporon sp. 113 (33%) 111 (100%) 
Rhodotorula sp. 1/3 (33%) 111 (100%) 
Aspergillus terreus 0/3 (0%) 111 (100%) 
Aspergillus tamarii 0/3 (0%) 1/1 (100%) 
Cylindrocarpon sp. 0/3 (0%) 111 (100%) 
Japan Fusarium solani - 111 (100%) 
Norway Fusarium, solani 111 (100%) -
Fusarium oxysporum 111 (100%) -
Isolation frequency - number of occasions species indicated was isolated from a 
contaminated sample. 
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The only organism associated with sump sludge in British and Japanese samples 
was Fusarium solani, and it is likely that this organism may have been growing 
in almost pure culture in the sumps as biofilm and that the high isolation rate (5/9 
56 %) of this species from cutting fluid as planktonic material may reflect the 
detachment of biofilm from the sump and fungal debris entering the coolant. 
It is also interesting that only Fusarium species were isolated from the Japanese 
and Norwegian samples where climatic conditions are cooler, suggesting 
preference of this organism for lower temperatures (or insufficiently warm for the 
establishment of species associated with samples from tropical regions). However, 
Fusarium solani has the ability to grow at higher temperatures as seen in the 
Malaysian samples although this growth may be sub-optimal. 
Related fungal organisms, including Fusarium oxysporum, Acremonium strictum 
and Cylindrocarpon sp. were also isolated from the samples, but much less 
frequently. Fusarium oxysporum was isolated from the Norwegian and British 
samples only, reflecting the ability to colonise cutting fluid in cool and temperate 
conditions but being less suited to growing under hotter conditions associated with 
the tropics. Although reported as an important plant pathogen in tropical areas, 
this organism may be less adapted for growth in cutting fluid at higher 
temperatures, resulting in the absence of this species from the Malaysian sample. 
Many of the organisms present in the Malaysian sample were isolated from 
both the cutting fluid and sludge samples suggesting that the material was in a 
much more advanced state of biodeterioration than the samples from cooler 
climates and that excessive fungal biofilm growth had caused propagules to grow 
in the coolant as well. This finding was verified by very high counts ( > log 4.3 
cfu/ml) from the coolant (table 3.1) which was as highly contaminated as the 
corresponding sludge. The hotter climate and possibly the different working 
conditions in comparison with European and Japanese methods (Wright, pers. 
comm.) in Malaysia, have an important role in the fungal flora of cutting fluid. 
A diverse range of fungal organisms were isolated including the yeasts 
Rhodotorula sp. and Trichosporon sp., the latter being identified by characteristic 
dimorphism between hyphal and yeast cell morphology. Yeasts were not isolated 
from any of the other samples. Although Fusarium solani was important in the 
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Malaysian sample, Aspergillus tamarii was also isolated in high numbers and was 
present as a contaminant in sufficient quantity to give the contaminated material 
a dirty brown colour and very strong odour of decay. The brown colour was 
attributed to the characteristic colour of spores, which were also observed in 
cultures grown on laboratory media. 
The higher ambient temperature probably favoured the growth of Aspergillus 
tamarii, and conditions also favoured colonisation by Fusarium solani too. The 
wide range of flora in this sample may also be attributed to the different working 
practices. The longer periods of workshop machinery use may possibly decrease 
cutting fluid bioresistance, by faster biocide degradation and shorter biocide life, 
accompanied by increased loads of metal debris permitting suitable conditions for 
fungal colonisation and increased growth. The possible poor quality of water used 
as a diluent, and disposal of waste, by workers, in the coolant increases chances 
of contamination considerably. 
Although the number of different organisms isolated from the British samples 
is actually larger than the number associated with Malaysian samples, more 
British samples (15) were tested than Malaysian samples (4) demonstrating a 
smaller range of flora per British sample than Malaysian sample. 
Furthermore, numbers of colonies corresponding to non-fusarial flora were 
high from the Malaysian source but low from British samples strongly suggesting 
that species from the Malaysian sample were growing on the cutting fluid. 
Conversely, the low isolation rate of several species from the British samples may 
be attributed to the presence of fungal species able to survive in, but not grow in 
cutting fluid. These organisms, Aureobasidium pullulans, Penicillium sp., 
Cladosporium sp., Phialophora sp. and Alternaria sp. (table 3.2), which were 
only isolated from one sample in small numbers ( < log 1.0 cfu/ml) are therefore 
more likely to be there as a result of laboratory contamination rather than genuine 
cutting fluid flora. Contamination was probably as a result of aerial spores 
entering the material tested during the sample collection, dilution or plating 
stages. If these infrequently isolated organisms are ignored, the predominance of 
Fusarium solani as a major cutting fluid organism is highlighted further. 
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Interestingly, some fungal organisms previously reported to be associated with 
cutting fluid (Prince & Morton, 1991) were not isolated. The low isolation 
frequency of Acremonium strictum is surprising as this is still thought by many 
to be just as important as Fusarium sp. in cutting fluid fungal spoilage 
(Rossmoore, 1986). Similarly, Geotrichum candidum, another potentially 
important organism colonising these products was never isolated. The exclusion 
of these common species in the samples tested may reflect on the composition of 
the products tested, which are selective for Fusarium solani, or are toxic to other 
species resulting in lower species competition. The yeast Candida albicans has 
occasionally been reported to be present in cutting fluid and the likely source is 
from workers' skin (Key et al., 1966), although disposal of foodscraps by contact 
with infected buccal cavity mucosal surfaces and spitting play an equally 
important role. The absence of this yeast in all samples tested in this study may 
be attributed to good personal hygiene among workers or possibly the inability 
of Candida albicans to survive in the product formulation tested. 
3.4 TOXIGENICITY SCREENING OF FUNGAL ISOLATES 
The wide range of fungal organisms isolated from cutting fluid raise questions 
regarding implications of toxic fungal metabolite production, with the risk of 
increasing product toxicity and endangering workers health. Toxicity screening 
of individual isolates is required to establish whether toxic metabolites are 
produced under some circumstances. Most fungal species isolated were screened 
for toxigenicity but the emphasis was on testing a range of the most frequently 
isolated species, Fusarium solani, where risk of toxic metabolite production may 
be increased. The screening was performed by testing laboratory media culture 
filtrates and solvent extracts on brine shrimp larvae (Artemia salina) and various 
animal cell-lines. 
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3.4.1 Brine shrimp larval (Arlemia salina L.l bioassay 
None of the isolates tested, grown in any of the three laboratory media which 
were previously shown to be associated with mycotoxin production (Frank & 
Moss, 1984; Moss & Frank, 1988; Deno et al., 1970; Deno et al., 1975), 
demonstrated appreciable toxicity to brine shrimp larvae whether as culture 
filtrates (table 3.3) or extracts (table 3.4a, b & c). 
Assays of culture filtrates and extracts were performed at 5 hours (data not 
shown), 24 hours and sometimes 48 hours with low mortalities throughout. 
Although mortalities were higher at 48 hours , the lack of reproducibility and 
high control mortality made interpretation difficult. Eppley (1974) reported that 
the most reliable assay time was 24 hours, giving reproducible results and low 
control mortality. 
Most culture filtrates and extracts tested, using criteria by Harwig & Scott 
(1971) were non-toxic (0-9 % mortality) and only a few were slightly toxic (10-
49 % mortality). Toxigenic Fusarium sporotrichioides test strain culture filtrates 
and extracts were very toxic (90-100 %) to brine shrimp larvae, demonstrating 
that the assay was operating well. 
Dninoculated culture media, although virtually non-toxic at assay concentration 
(20% diluted in artificial seawater) was increasingly toxic at higher concentrations 
tested. This increased toxicity may be attributed to the decrease of salinity in the 
assay with also possible reduction in buffering capacity leading to increased 
mortality. Clark (1989) demonstrated that brine shrimp were sensitive to small 
changes in pH and that materials must be assayed in an environment close to pH 
7.2. Increased control mortality at assay times exceeding 24 hours may be 
attributed to evaporation and subsequent increase of salinity demonstrating that 
larvae are also sensitive to increased salinity. DMSO levels exceeding 5 % (v/v) 
were found to increase mortality (data not shown) and this was also reported by 
Clark (1989), so assays were performed on extracts dissolved in DMSO at this 
concentration to prevent interference by solvent toxicity. 
Slightly raised mortality was associated with culture filtrates of Trichosporon 
sp. and Rhodotorula sp. grown in CDM (table 3.3). However, this toxicity may 
be attributed to the incomplete removal of yeast cells following filtration using 
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: 
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glass fibre filters, and subsequent growth in assay wells resulting in pH decrease 
and larval deaths. 
Variable levels of larval mortality with Fusarium solani were associated with 
culture filtrates (table 3.3) and extracts at the concentration ranges tested (table 
3.4a, b & c), although none of the material tested was overwhelmingly toxic 
using criteria by Harwig & Scott (1971). 
Table 3.3 
Effect of fungal laboratory media culture filtrates on brine shrimp larvae at 24 
hours. 
: : : : : : 
.. 
: : : : : : : : : : 
. . : 
. '. .. : 
: : : : : : . . 
: : : 
: .. 
. ::::: : : : : : : : : ::::::: : : : : 
Culture medium 1 7 0-8.5 0-3 0-7 
Fusarium sporotrichioides 1 78.5 NT 99.0 
Fusarium solani 21 0-11 0-14 0-11 
Fusarium oxysporum 2 1-2 0-2 0-3.5 
Acremonium strictum 2 0-1 NT 0 
Aureobasidium pullulans 1 8 NT 2.5 
Cladosporium sp. 1 3 NT 1.5 
Penicillium sp. 1 1.5 NT 4 
Basidiom ycete 2 2-4.5 NT 1-1.5 
Aspergillus tamarii 1 3.5 0 0 
Aspergillus terreus 1 3.5 5 0 
Cylindrocarpon sp. 1 0 3 0 
Trichosporon sp. 1 0 26.5 5.5 
Rhodotorula sp. 1 1.5 14.5 8.5 
Brine shrimp larvae were treated with culture filtrate at 20 % concentration, diluted 
in artificial seawater. 
NT - Not tested 
1 _ Blank control 
Fusarium sporotrichioides (ATC 24631 / TR-l) used as toxigenic control strain. 
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Table 3.4a 
The effect of BNM fungal culture extracts on brine shrimp mortality . 
: : : : 
. . : : : : : : : 
: : : : : 
: : : : : : : : : : : : : : : 
Culture medium (BNM) 2 < 12.5 0-1.5 
Fusarium sporotrichioides 1 187.0 99.4 
Fusarium solani 8 12.5-300.0 0-17.0* 
Aspergillus tamar;; 1 ) 150.0 13.0 
. Aspergillus terreus 1 100.0 4.5 
Acremonium strictum 1 12.5 0 
Cylindrocarpon sp. 1 12.5 3.5 
Rhodotorula sp. 1 25.0 1.5 
Trichosporon sp. 1 12.5 2.0 
Basidiomycete 1 12.5 1.0 
Table 3.4b 
Effect df CDM fungal culture extracts on brine shrimp. 
: 
: 
: : : : :;:::::;: . ::::::. : : : 
. ;Z'~ it : : : . ~ ; : 
: : : ::':'j: .. :;:" : : : 
: ':'t : . '. 
Medium control (CDM) 2 12.5 0 
Fusarium sporotrichioides 1 50.0 98.4 
Fusarium solani 2 12.5-213.0 0-18.5* 
Aspergillus tamarii 1 100.0 2.5 
Aspergillus terreus 1 163.0 2.5 
Acremonium strictum 1 25.0 6.0 
Cylindrocarpon sp. 1 50.0 0 
Rhodotorula sp. 1 25.0 8.5 
Trichosporon sp. 1 < 12.5 0 
Basidiomycete 1 25.0 0 
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Table 3.4c 
The effect of GPY fungal culture extracts on brine shrimp. 
: : : : : : : : : : : 
: : : : : : 
: : : : : : : : : : : : : 
: : : : g : : : : 
Medium control (GPY) 2 12.5 0-1.5 
Fusarium sporotrichioides 1 138.0 91.0 
Fusarium solani 13 12.5-525.0 0-33.5* 
Aspergillus tamarii 1 125.0 3.5 
Aspergillus terreus 1 313.0 62.0* 
Acremonium strictum 1 50.0 6.3 
Cylindrocarpon sp. 1 25.0 0 
Rhodotorula sp. 1 62.5 1.5 
Trichosporon sp. 1 75.0 10.5 
Basidiomycete 1 < 12.5 4.0 
Footnote for tables 4.3a, 4.3b & 4.3c. 
Mortality values refer to deceased or inactive larvae at 24 hours. 
* Higher mortality reflected by higher extract concentration tested. 
All extracts were assayed after reconstitution with DMSO and dilution in artificial seawater. 
Extract values quoted with uninoculated culture media extracts are attributed to solvent soluble medium 
constituents. 
Extract concentrations tested in this work, were dependant upon quantity of 
material extracted from the culture filtrate and were not assayed at a standardised 
concentration. This method of extract assay has facilitated the testing of a wide 
range of extract concentrations, and ' although in some cases very high levels of 
extract were tested (0.5 mg/ml), only very low levels of mortality were recorded. 
Indeed, extracts of Fusarium solani cultures grown in GPY medium were assayed 
at concentrations ranging from 12.5 ug/ml to 525 ug/ml with resulting mortalities 
amongst larvae being rather low (table 3.4c). Furthermore, some of these culture 
extracts were slightly toxic at relatively low concentrations ( < 50 ug/ml) but 
others were non-toxic at levels exceeding 400 ug/ml, demonstrating considerable 
variability. 
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The high mortality and evident toxicity associated with the GPY Aspergillus 
terreus culture extract probably reflects the large dose administered in the assay 
and may not be representative of the level of toxigenicity associated with this 
organism. This possibility is increased when the lower levels of toxicity 
associated with BNM (table 4.3a) and CDM (table 4.3b) culture extracts of this 
species are considered. 
The interference of fatty acids from some fungi has been implicated in 
increased larval mortality (Curtis et al., 1974 in Davis et al., 1975a) which may 
account for low levels of toxicity with some cultures. The insensitivity of brine 
shrimp larvae to most culture filtrates and extracts tested and possible interference 
of normal metabolites present, and the sensitivity of the test organism to small pH 
and salinity changes are strong criteria for the use of a second assay organism. 
3.4.2 Cell-line bioassay 
The cell-lines used in toxigenicity screening; HeLa, LLCMK2 and Vero cell-
lines, all behaved in a similar manner and although in some cases sensitivity was 
shown towards Fusarium solani extracts (table 3.6), none of the extracts or 
culture filtrates of fungal isolates were as toxic to the cells as materials from the 
toxigenic control Fusarium sporotrichioides (tables 3.5 & 3.6). 
Cytotoxicity was measured quantitatively by cell appearence after 24 hours and 
48 hours incubation time. Materials that were toxic to cells caused cell rounding, 
monolayer detachment and much loose debris in the assay well, whereas non-
toxic samples had no effect on the establishment or disruption of healthy cell-
monolayers (figure 3.1). 
Very few culture filtrates were toxic to cell-lines, although the cultures of 
Aureobasidium pullulans and Aspergillus terreus (from all media) were inhibitory 
to cells (table 3.5). However, the corresponding extracts of these cultures were 
not at all toxic (data not shown) with the minimum inhibitory dose (minimum 
cytotoxic dose) values exceeding the quantity of extractable material obtained and 
concentration tested. Although most GPY culture filtrates of Fusarium solani 
were toxic, only 8 % BNM filtrates inhibited cell growth whereas no CDM culture 
filtrates were inhibitory. The lack of cytotoxicity associated with culture filtrates 
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may be attributed to assay insensitivity as described for brine shrimp larvae, 
however, testing materials shown to be only slightly toxic to brine shrimp larvae 
revealed greater toxicity to cell-lines, demonstrating that cell-lines offer a more 
sensitive assay than brine shrimp. 
The minimum cytotoxic doses of extracts from CDM and GPY cultures of 
Fusarium sporotrichioides, a known producer of devastatingly toxic trichothecene 
secondary metabolites (Frank & Moss, 1984; Moss & Frank, 1988) were 
comparable to minimum cytotoxicity levels for the trichothecenes T-2 toxin and 
DAS reported by Robb & Norvall (1983) and Robb, Norvall & Neill (1990) also 
demonstrating that the cell-lines tested were sensitive to toxic fungal metabolites. 
No minimum cytotoxic dose values associated with the cutting fluid fungal 
isolates were comparable with Fusarium sporotrichioides, although some rather 
low doses for cytotoxicity in comparison with other fungi tested were 
demonstrated with Acremonium strictum and some Fusarium solani cultures. 
Although the minimum cytotoxic dose values for Acremonium strictum culture 
extracts were lower than the Fusarium solani extracts tested, the significance of 
these results is of only small interest. Firstly, Acremonium strictum was only 
isolated twice from twenty-one contaminated samples and is not considered an 
important cutting fluid organism in this study. Secondly, although minimum 
cytotoxicity levels were lower than those associated with other organisms, levels 
were not comparable to cultures associated with severe toxicity sucho;rusarium 
sporotrichioides , thus Acremonium strictum is unlikely to contribute to raised 
levels of toxicity in cutting fluid. 
The extracts of Fusarium solani were mildly toxic, and the lowest minimum 
cytotoxic doses were mostly associated with the production of maroon 
(naphthoquinone) pigments. Out of 15 GPY extracts tested, 9 (60%) had 
minimum cytotoxic doses between 11-25 ug/ml, whereas 3 (20%) had cytotoxic 
doses ranging from 26-50 ug/ml (figure 3.2). Although Fusarium solani GPY 
extracts frequently caused cell inhibition, the minimum cytotoxic doses were not 
comparable with the values obtained with Fusarium sporotrichioides. 
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Figure 3.1 
Appearance of cell-lines in untreated and treated state, demonstrating cytotoxic 
effect in cell culture assays. 
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Table 3.5 
Effect of culture filtrate from a selection of cutting fluid-borne fungal isolates, on Vero cells. 
: : : : : : : : : : 
: : : 
: 
: 
: : : : 
: : : : 
: : 
: : : 
: : : n : 
Medium - control 7 - -
Fusarium sporotrichioides 1 + + 
Fusarium solani 21 + (8%) -
Fusarium 2 ) oxysporum - -
Acremonium strictum 2 - -
Aureobasidium pullulans 1 + + 
Cladosporium sp. 1 - -
Penicillium sp. 1 - -
Aspergillus tamarii 1 -/+ -
Aspergillus terreus 1 -/+ -
Cylindrocarpon sp. 1 - -
Trichosporon sp. 1 - -
Rhodotorula sp. 1 - -
Basidiomycete 2 - -
Cells were treated with culture filtrate at 10% concentration, diluted in PBS. 
Similar results were obtained with HeLa and LLCMK2 cell-lines 
Non-toxic, confluent cell monolayer. 
-/ + Slightly toxic. 
+ Toxic, monolayer disruption with visible damaged cell debris. 
Figure 3.2 
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Graphic summary of Fusarium solani GPY culture extract minimum cytotoxicity doses. 
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Table 3.6 
Minimum cytotoxic doses of culture extracts of cutting fluid-borne fungi using 
Vero cells. 
: : . . : : : : : : : 
: : 
: i: : ::::::: . . : : 
: 
: : : : : : : : : : 
: : : 
: 
. : : : : : : : : : : 
: : : : : : : : : : : : %: 
Culture medium extracts 1 BNM > 50.0 
1 ~CDM > 50.0 
1 GPY > 50.0 
Fusarium sporotrichioides 1 BNM 1.46 
1 CDM 0.05 
1 GPY 0.07 
Fusarium solani 3 BNM 7.0 - 14.2 
3 CDM 1.6- 4.7 
15 GPY 4.4 - 218.8 
Acremonium strictum 1 BNM 0.80 
, 
1 CDM 3.10 
1 GPY 3.12 
Fusarium oxysporum 1 BNM 37.6 
1 CDM 12.5 
1 GPY 11.8 
Aspergillus tamarii 1 BNM 38.0 
1 GPY 15.4 
Minimum cytotoxic dose was the lowest extract dose capable of preventing cell 
growth or causing inhibition of cell growth and monolayer disruption. 
Fusarium sporotricJ1piodes was toxigenic test strain ATC 24631 / TR-1. 
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3.5 GENERAL DISCUSSION 
Although enumeration by the spreadplate technique gave an indication of fungal 
contamination levels in cutting fluid samples, the problems of reliability are 
highlighted by the effects of fungal biofilm in a cutting fluid system. The fungal 
counts in cutting fluid are not representative of the overall contamination, as most 
fungal contamination is associated with sump wall biofilm and planktonic fungi 
may simply reflect detachment of biofilm into the coolant. 
Fungal contamination in cutting fluid is best diagnosed by qualitative criteria 
(Rossmoore, 1986) such as; sludge accumulations, musty ("locker-room") odour 
and fungal growth on surfaces. UnfortunatelYJby this stage the fungal problem is 
too far advanced to be successfully controlled, although factories could benefit 
from frequent routine sump wall scraping surveillance for fungal contamination. 
A wide range of fungi were isolated from various samples obtained Worldwide, 
and the species Fusarium solani appears to be ubiquitous in contaminated cutting 
fluid and biofilm samples, being isolated from materials collected from widely 
varying environmental conditions. The high isolation frequency of Fusarium 
solani reflects the ability of this organism to grow and colonise the cutting fluid 
niche, and conditions governing criteria for colonisation require further and more 
detailed study. The almost equal proportion of Aspergillus tamarii to Fusarium 
solani in the Malaysian samples may reflect the greater ability of Aspergillus 
tamarii to grow at high ambient temperatures whereas these conditions may only 
be sub-optimal for Fusarium solani. 
None of the fungal isolates grown in laboratory media were producers of toxic 
metabolites under the conditions tested. Although Fusarium solani extracts from 
GPY medium demonstrated slight toxicity to cell-lines, the minimum cytotoxic 
dose values were large when compared to values obtained with pure mycotoxins 
and toxigenic fungi such as Fusarium sporotrichioides. 
It is unlikely that the fungi isolated from these cutting fluid samples produce 
sufficiently toxic metabolites, to be of concern in cutting fluid. Although it was 
hypothesised that mycotoxin producing fungi may be implicated in the 
enhancement of cutting fluid toxicity, possibly playing a role in human dermatitic 
skin disease, it is unlikely that the fungi isolated in this study pose any mycotoxin 
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related health risk in the cutting fluid industry. 
However, detailed study of Fusarium solani is required to gain a greater 
understanding of the role of this organism in cutting fluid biodeterioration. By 
extensively studying cutting fluid toxicity, the role of fungi as implicating cutting 
fluid toxicity enhancement may be eliminated, thus attributing the toxicity source 
to product ingredients. 
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Chapter Four 
Fungal growth in cutting fluid and 
toxicity testing. 
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4.1 INTRODUCTION 
To ascertain whether the moulds isolated from the contaminated cutting fluid 
samples were able to grow in the commodity or were transient contaminants, 
demonstration of pure culture isolate growth in reinoculated sterile cutting fluid 
was required, whereas transient contaminants not normally associated with cutting 
fluid lack the ability to grow when reinoculated. This behaviour was investigated 
using the most significant and frequently isolated fungal species, Fusarium solani 
and Aspergillus tamarii, to investigate the role of these organisms in the cutting 
fluid niche. 
An extensive programme of cutting fluid toxicity testing was undertaken to 
investigate the role of fungal growth in product toxicity and any enhanced toxicity 
possibly attributable to fungal production of toxic secondary metabolites. Solvent 
extractions of cutting fluid were performed to concentrate any minute quantities 
of toxic materials from large sample volumes which would have otherwise 
remained undetected in the emulsions. Cell-lines already shown to exhibit a high 
degree of reproducibility in previous results were employed for all toxicity testing 
and the possibility of predicting the effects of cutting fluid materials on human 
skin and their role in contact dermatitis was assessed by using human skin 
fibroblast cells. 
4.2 REINOCULATION OF STERILE CUTTING FLUID WITH FUNGAL 
PURE CULTURES 
4.2.1 Method 
4.2.1.1 Shake-flask experiments 
500ml sterile cutting fluid emulsion was aseptically transferred to 1 L conical 
flasks and was inoculated with O.5ml vegetative mycelium from a BNM culture. 
Flasks were incubated under conditions as described in 2.3.2. In experiments 
using swarf, 5g iron and aluminium drillings (1: 1) were packaged in nylon, 
autoclaved (dry cycle), and immersed in the cutting fluid. Samples were incubated 
and treated for assay as described in 2.3.3. 
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4.2.1.2 Model system experiments 
1 L flasks containing 500ml sterile cutting fluid, with a 100ml soxhlet extractor 
fitted to the neck (M.O.D. defence standard 91/70) were inoculated using fungal 
material as described in 4.2.1.1. and inoculum was introduced into the soxhlet 
extractor. To simulate recirculation of coolant in an industrial environment, 
cutting fluid was circulated by peristaltic pumping (pump tubing - 2mm bore) 
from the flask to the soxhlet extractor at a rate of 15mllmin. for 8 hours/day 
through 4mm bore silicone tubing. All model system soxhlet extractors contained 
5g aluminium/iron swarf packages. Model system flasks were incubated under 
ambient conditions (15°C to 30°C) for 35 days. 
4.2.2 Results and discussion 
The reinoculation of sterile cutting fluid with fungal organisms previously 
isolated from cutting fluid revealed that the species tested were able to grow in 
cutting fluid and were not merely contaminants. A non-cutting fluid isolate of 
Fusarium sporotrichioides was less able to grow in the commodity (table 4.1), 
giving some support to the possibility that the organisms isolated from cutting 
fluid were adapted to grow in this commodity. 
All fungal species tested demonstrated higher levels of dry weight when 
incubated in cutting fluid using shake-flasks rather than model system vessels. 
The conditions under which model systems were incubated differed markedly 
from those of shake-flasks and these conditions played an important role in 
affecting the growth of the organisms. Model system experiments were performed 
at generally higher ambient temperatures (30°C maximum) with greater 
temperature fluctuation (15°C to 30°C) than shake-flasks, which were incubated 
under controlled conditions (25°C). 
The higher dry weight of fungal material associated with Aspergillus tamarii 
may be attributed to the ability of this organism to grow at higher ambient 
temperatures, which as already described, is also reflected in the tropical habitat 
of this organism. Aspergillus tamarii also grew well under the conditions used for 
shake-flasks demonstrating that high levels of growth with this organism are not 
explained by temperature alone, and that adaptation to cutting fluid for growth is 
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highly significant. Aspergillus tamarii is a well known saprophytic fungus 
associated with tropical locations, and has a high lipolytic potency suiting it to 
growth in vegetable oil-containing products. Indeed, in areas confined to the 
tropics this organism could possibly be equally significant as Fusarium solani as 
a cutting fluid spoilage organism. Both Fusarium solani cultures tested 
demonstrated higher levels of dry weight from shake-flasks than model systems 
(table 4.1). This may simply reflect the ability of Fusarium solani to grow less 
well at higher temperatures in the model systems than lower temperatures in the 
shake flask experiments. In shake-flask experiments the difference of dry weight 
values between strains tested are attributed to strain temperature sensitivity 
variation (see 5.2). 
Table 4.1 
Comparison of fungal dry weight from cutting fluid in shake-flask and model 
system experiments. 
. : . .:....:;.::.:..: ~ : : :' . : : : :,: ,: ;. '. : : ~: ~ :: ': :' 
. . . . . :,: :. " ... 
. . : ... ' : ;: : : ;: : : 
'" : : . : ,, :' : . : . "::,',',;. 
. : : :' .:':': ~. ': : . . . . : '. : ;: . . 
: .' ":: ::;:: ~ : : :' :; ~ : ;: : : '. . : :: . ~
. ;. . . :: :: : ~ .: : . : : : : .: ::.::::,:::: 
, :' ,,:: ~ : : : :: :: : : : " : : ~: ~ : :~ ': ~ , \:::: 
; .. ,.'.;', ': . ',. :. : . ;. : .:.;.: .. ; .. ; 
Fusarium solani (ISL-45) 1.03 7.10 
Fusarium solani (ISL-83) 1.19 4.32 
Aspergillus tamarii (ISL-54) 4.38 7.90 
Fusarium sporotrichioides • 0.33 3.85 
• Fusarium sporotrichioides A TC 24631 (TR -1). 
Dry weight also includes fungal material adhered to swarf packages. 
Dry weight values are means of duplicates. 
Fusarium sporotrichioides demonstrated very poor growth in model system 
experiments although some growth occurred in shake-flasks. This organism may 
be more sensitive to higher temperatures than Fusarium solani. Although there 
are no cases of Fusarium sporotrichioides being isolated from cutting fluid, the 
level of biomass associated with shake-flask experiments (table 4.1) suggests that 
this organism can grow in cutting fluid under laboratory conditions with a much 
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reduced likelihood of growth in the industrial environment. 
Higher operating temperatures are likely to increase metal and metal ion 
solubilisation from swarf and only small increases in such ions influence fungal 
growth (Gaur & Agnihotri, 1982). The higher ambient temperatures under which 
model system experiments were performed may have played a significant role in 
increasing metal ion solubilisation resulting in increased levels of ions having an 
inhibitiory effect on fungal growth. The effects of swarf and metal ions on the 
physiology of Fusarium solani will be discussed in much greater detail in chapter 
5. 
Whereas aeration in shake-flasks was facilitated by gentle shaking at 190 rpm 
on an orbital shaker, the model system experiments used recirculation of cutting 
fluid by peristaltic pump. The different methods of aeration may have also played 
an important role with effects on fungal physiology. The gentle circular motion 
aeration in shake-flasks facilitated little breakage of hyphae whereas the aeration 
in model systems by recirculation and peristaltic pumping probably resulted in 
shearing forces in the tubing causing fragmentation of fungal mycelia. It is 
possible that the mycelial fragmentation may have been sufficient to render 
remaining fragments non-viable. Variation amongst recirculation rate attributable 
to tube blockage by detached fungal biofilm material results in variable aeration 
leading to less reproducibility among results. The greater area of cutting fluid in 
contact with air by shaking increases aeration sufficiently to increase growth 
whereas insufficient aeration by recirculation in model systems may be 
responsible, in part, for less growth. 
Although model system experiments mimick industrial cutting fluid systems 
more closely than shake flasks, it proved difficult to control conditions such as 
temperature and aeration in the model systems used and this makes results less 
easy to interpret than those using shake-flasks. Shake-flask experiments have 
other advantages in comparison with model systems, including being simpler to 
perform and larger numbers of vessels being used at one time facilitating better 
replication for variability assessment. 
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4.3 CUTTING FLUID TOXICITY SCREENING 
4.3.1 Cuttin2 fluid extract toxicity testin2 
Slightly higher extract yields were associated with inoculated cutting fluids in 
comparison with uninoculated coolant (table 4.2), which may be attributed to the 
interference by extractable fungal materials from minute quantities of hyphal 
material remaining in the aqueous phase prior to extraction or by interference of 
water from incomplete phase separation during extraction. The presence of fungi 
in cutting fluid was associated with an increase of variability among extract yield 
(table 4.2) also indicating that, despite careful removal prior to extraction, fungal 
material affects extract yield. 
In all experiments using uninoculated cutting fluid, extracts were slightly more 
toxic than extracts from inoculated cutting fluid (table 4.2, figures; 4.1, 4.2, 4.3, 
4.4 & 4.5). 
Higher minimum cytotoxic doses were associated with extracts of inoculated 
cutting fluid strongly suggesting that toxic fungal metabolites were not produced, 
and that the presence of inoculum had some effect in reducing cutting fluid 
toxicity. Figures 4.2, 4.4 & 4.5 clearly highlight the reduction in cytotoxicity 
with inoculated cutting fluid when compared with the corresponding uninoculated 
coolant (figures 4.1, 4.3 & 4.5). Indeed, there were no cases of total cell 
inhibition with swarf-free inoculated cutting fluid extracts (figure 4.2) and 
materials were only partially toxic to Vero cells. 
The presence of swarf appeared to slightly increase extract toxicity, which was 
possibly attributable to metal ions or fine swarf particle carry over during 
extraction in small quantities, perhaps by fine water droplets despite efforts to 
exclude these materials. 
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Table 4.2 
Extract yield and extract toxicity to Vero cells of cutting fluid after various 
treatment. 
: : . . : .'.: .: . : . 
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164 
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260 
206 
Inoculum was 0.5ml BNM vegetative Fusarium solani (ISL-45). 
Extract yield - quantity of material extracted by chloroform/ethyl acetate (2: 1) 
from aqueous phase. 
• Figures are mean (standard deviation) of 9 replicates. 
Minimum cytotoxic dose - quantity of cutting fluid extract, dissolved in PBS, 
to inhibit Vero cell-line monolayer. 
Swarf was added as a 5g 1: 1 mixture of iron and aluminium drillings in a 
nylon package. 
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Figure 4.1 
Scattergraph showing responses of Vero cells to extracts of uninoculated swarf-
free cutting fluid. For cytotoxicity criteria see page 72. 
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Figure 4.2 
Scattergraph showing responses of Vero cells to extracts of inoculated swarf-free 
cutting fluid. 
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None of these extracts were totally inhibitory to Vero cells and materials tested 
were only partially toxic. 
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Figure 4.3 
Scattergraph showing responses of Vero cells to extracts uninoculated cutting 
fluid supplemented with swarf. 
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Figure 4.4 
Scattergraph showing responses of Vero cells to extracts of inoculated cutting 
fluid supplemented with swarf. 
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Figure 4.5 
Summary of responses of Vero cells to cutting fluid extracts highlighting the 
effects of swarf and inoculum. 
_ lhinoculate ~ Inoculated ~ lhinoculate ~ Inoculated 
Swarf-free Swarf-free Swarf Swarf 
30 
) ~ 
I- K K 20 
~ 
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K R r71 
o 
1 2 3 1 2 3 1 2 3 1 2 3 
Toxicity response 
Key to figures 4.1, 4.2, 4.3, 4.4 & 4.5 
1 - Non toxic (healthy cell monolayer). 
2 - Slightly toxic (some cell monolayer disruption, and cell debris). 
3 - Toxic (cell monolayer disruption extensive with much debris). 
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Assessment of cutting fluid toxicity using extracts is not representative of 
the overall effect of cutting fluid emulsion in an industrial situation. Extract 
toxicity testing may be advantageous for the detection of small quantities of 
toxic metabolites otherwise undetectable in the emulsion, but are of little use 
for investigating dermal toxicity. Testing of cutting fluid emulsion gives 
increased reproducibility and a much better assessment of product toxicity and 
the effects of the emulsions on cell-lines have been widely investigated in this 
project. 
4.3.2 Emulsion toxicity testinl: 
The testing of emulsions for toxicity using cell-lines has several advantages 
over the testing of extracts. Extract yield is subject to variability attributable to 
the difficulty of obtaining extracts free from residual emulsion or water when 
working with large numbers of samples, resulting in potential variability 
amongst toxicity results. The extraction process and preparation of extracts for 
bioassay is time consuming, involves greater expense and increased 
opportunity for inaccuracy to occur during the large number of preparatory 
process stages, whereas emulsion testing is more direct, incurs less expense 
and is more rapid as well as being suitable for testing large numbers of 
samples. The effect of emulsion on cell-lines represents the direct effects of 
the commodity which is less easily determined with cutting fluid extracts. The 
use of emulsions for toxicity testing therefore i~ much more representative of 
the real life situation encountered in industry. 
The results of toxicity tests using emulsions (table 4.3) followed a similar 
overall pattern to the toxicity of the extracts (table 4.2), although a decrease in 
variability was associated with the emulsion tests. Both swarf-free and swarf 
supplemented cutting fluid, inoculated with Fusarium solani were less toxic to 
Vero cells and skin fibroblasts than the corresponding uninoculated cutting 
fluid by a four-fold factor. Both scattergraphs (figures 4.6 & 4.7) and bar-
graph summary (figure 4.8) showing levels of cytotoxicity associated with each 
emulsion dilution, clearly demonstrate that inoculated cutting fluid, even at 
low dilution, is less toxic to cell-lines than uninoculated emulsion. Although a 
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slight increase in toxicity in the presence of swarf was associated with extracts 
(table 4.2), no such toxicity increase was reproduced with emulsions. As 
described in 4.3.1 increased toxicity of extracts associated with swarf-
supplemented cutting fluid may be attributed to carry over of minute swarf 
materials in extracts, but the lack of this phenomenon in emulsions is not 
understood. It is cone .. ; vable that a chemical process involving chelation of 
swarf material by either solvent or cutting fluid vegetable oils, occurring 
during extraction may allow inclusion of dissolved swarf materials into 
extracts, thus not affecting emulsions. 
Although results from these experiments are shown using Vero cells, little 
difference in results were seen using human skin fibroblast cells (table 4.3). 
Vero cells are therefore a useful indicator for potential toxicity of substances 
to human skin cells. 
Table 4.3 
Bioassay using Vero cells showing mInImUm cytotoxic dilutions of cutting 
fluid emulsion . 
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Minimum cytotoxic dilution - dilution of emulsion (PBS) sufficient to disrupt 
cell monolayer formation. 
• Vero cells and human skin fibroblasts. 
Cutting fluid was inoculated with Fusarium solani (ISL-45). 
Although cell-lines are a good indicator of product toxicity, the effect of 
cutting fluid materials human skin is likely to differ from in vitro tests. The 
protective stratum corneum layer of dead epithelial cells above live skin cells 
will facilitate protection of live epithelial cells and may reduce the effects of 
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cutting fluid, however other factors must be considered. Immunocompromised 
workers are increasingly susceptible to infection from microbial contaminants 
in the cutting fluid. Some Fusarium solani strains have been demonstrated to 
invade skin of immunocompromised patients and result in death following 
systemic mycoses (Brint et al., 1992; Caux et al., 1993). The mould may be 
able to degrade protective materials in skin resulting in invasion and systemic 
infection. 
Figure 4.6 
Scattergraph showing effect on Vero-cells of uninoculated and inoculated 
(Fusarium solani) swarf-free cutting fluid emulsions. For toxicity criteria in 
figures 4.6, 4.7 and 4.8 see page 72. 
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Figure 4.7 
Scattergraph showing effect on Vero cells of uninoculated and inoculated swarf-
supplemented cutting fluid. 
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Figure 4.8 
Summary of responses of Vero cells to cutting fluid emulsions highlighting effects 
of swarf and inoculum. 
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A Fusarium solani strain was shown to be capable of lipolysis and proteolysis 
(Kunert et al., 1993) using cultural tests based on work by Hankin & Agnostakis 
(1975). Dermatitis amongst metalworkers therefore may possibly be enhanced by 
opportunistic infection in addition to allergic or irritant responses to cutting fluid 
materials. The effects of fungal infection of skin and destruction of protective 
tissue may enhance the allergy further by allowing infiltration of cutting fluid past 
the stratum corneum. 
However, no cases of Fusarium solani infection have been reported amongst 
metalworkers, which may reflect in the obligatory requirement of Fusarium solani 
human pathogenic strains to grow at 37°C, and strains growing at lower 
temperatures, less able to grow at 37°C, such as strains from temperate locations 
are unlikely to pose any risk of pathogenicity. Risks of human disease from 
Fusarium solani may be slightly higher in the tropics where cutting fluid strains 
are adapted to growing at higher temperatures, assuming cutting fluid temperature 
reflects ambient temperature. 
In all studies comparing the toxicity of uninoculated and inoculated cutting 
fluid it was evident that the mould was playing a significant role in the reduction 
of cutting fluid toxicity. The effect was more reproducible and clearly 
demonstrated with emulsion samples than extracts. Although Fusarium solani may 
pose a risk as an opportunistic pathogen to metalworkers, it can be concluded that 
this species does not play a role in cutting fluid toxicity enhancement by 
secondary toxic metabolite production. 
Considering the finding that there was a decrease of cutting fluid toxicity 
associated with fungal biomass, it was hypothesised that the live mould was 
biodegrading the key toxic constituents in cutting fluid thus decreasing the 
toxicity. The hypothesis was tested using heat inactivated biomass and live 
inoculum in cutting fluid and investigating toxicity. 
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4.3.3 Effect of live and killed biomass on cuttinl: fluid toxicity 
4.3.3.1 Method 
All experiments were performed in 1 litre flasks containing SOOml cutting fluid 
emulsion. For experiments investigating live inoculum, O.Sml vegetative 
mycelium from BNM culture was inoculated into sterile cutting fluid and 
incubated under standard conditions as described in 2.3.2. Experiments 
investigating killed biomass used fungal material from flasks incubated under 
standard conditions and then killing by autoclaving (121°C / ISpsi) for 40 
minutes. The killed biomass was aseptically transferred to SOOml fresh cutting 
fluid and treated as for live inocula. 
4.3.3.2 Results and discussion 
The results from the following experiments clearly support the hypothesis that 
fungal growth reduces cutting fluid toxicity. An apparent reduction in cutting 
fluid toxicity was associated with live inoculum (table 4.4, figures 4.9 to 4.14 
inclusive) where in all cases, killed biomass was associated with no reduction, 
and in some cases a slight increase in cutting fluid toxicity in comparison to 
uninoculated experiments (figure 4.2 & 4.3). Figures 4.11, 4.12 & 4.14 showing 
cutting fluid emulsion toxicity compare well with results in figures 4.9, 4.10 & 
4.13 showing cutting fluid extract toxicity data, where there are greater numbers 
of cytotoxic responses associated with cutting fluid containing killed biomass than 
live fungal inoculum. The reduction in cutting fluid toxicity associated with live 
fungal material is most likely attributed to fungal biodeterioration of toxic 
constituents as hypothesised. 
There was little extract yield variation amongst the different treatments (table 
4.4), although a very small increase in yield was associated with the killed 
biomass inoculum material which may be attributed to an increase in solvent 
soluble materials extracted from hyphal fragments remaining during extraction. 
However, extract yields with fungal material were higher than those 
associated with uninoculated cutting fluid, also highlighting the role of inoculum 
in reducing reproducibility and increasing variability in extract work. These 
results also demonstrate that cutting fluid extracts are an unreliable and unrealistic 
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method for testing cutting fluid toxicity, and that cutting fluid emulsions offer 
greater suitability for toxicity determination. 
Consistant with previous results (table 4.2), un inoculated swarf supplemented 
cutting fluid exerted greater toxicity to cells than inoculated swarf-supplemented 
cutting fluid, strongly suggesting that the presence of fungal growth can also 
reduce toxicity in cutting fluid containing swarf materials. 
Table 4.4 
Bioassay of cutting fluid showing extract and emulsion toxicity to Vero cells, 
following treatment of cutting fluid with live and killed fungal material. 
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Killed inoculum - Autoclaved biomass reinoculated into sterile cutting fluid. 
Live inoculum - 0.5ml/500ml vegetative BNM Fusarium solani culture. 
Uninoc. - Untreated cutting fluid. 
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Figure 4.9 
Scattergraph showing response of Vero cells to extracts of swarf-free cutting fluid 
containing killed biomass and live inoculum. See page 72 for toxicity criteria. 
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Figure 4.10 
Scattergraph showing response of Vero cells to extracts of swarf-supplemented 
cutting fluid containing killed biomass and live inoculum. 
+ Killed 1::,. Live 
Swarf Swarf 
3f-- ++ + + 
?-
'0 2 r- + .~ 
I-
1 - 1& M~ 1::.1::. I::. I::. 
i I I I 
0 100 200 300 400 500 600 700 
Extract concentration (uqlml) 
80 
Figure 4.11 
Scattergraph showing response of Vero cells to swarf-free cutting fluid emulsion 
containing killed biomass and live inoculum. 
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Figure 4.12 
Scattergraph showing response of Vero cells to swarf-supplemented cutting fluid 
emulsion containing killed biomass and live inoculum. 
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Figure 4.13 
Summary of responses of Vero cells to cutting fluid extracts highlighting effects 
of swarf and inoculum. 
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Although the hypothesis was shown to be supported, further work investigating 
fungal growth and cutting fluid toxicity reduction was performed. 
Figure 4.15 illustrates the decrease in cutting fluid emulsion toxicity in 
relationship to fungal incubation time. With the exception of fibroblasts being 
more sensitive to cutting fluid after 2 days fungal growth, results between the two 
cell-lines agree well, highlighting the usefulness of Vero cells as an indicator for 
skin cell responses to toxic materials. Using Vero cells rather than human skin 
fibroblasts for large numbers of assays is advantageous because Vero cells require 
less expensive media and are less difficult to maintain than fibroblasts. 
In work using Vero cells (figure 4.16 & 4.17) and human skin fibroblasts 
(figure 4.18 & 4.19) it was found that a two-fold cutting fluid emulsion toxicity 
decrease occurred between day 6 and day 8 (figure 4.15). The level of toxicity 
associated with freshly inoculated cutting fluid at day 0 was comparable to 
uninoculated cutting fluid emulsion (table 4.3) demonstrating reproducibility 
among experiments. The reduction in emulsion toxicity, although less than the 
four-fold reduction found in earlier work (figure 4.3 & 4.4), still confirms the 
role of Fusarium solani in reducing product toxicity. 
It is interesting to note that the emulsion toxicity reduction with fungal growth 
at 7 days coincides with the exponential growth phase (chapter 5) where 
utilisation of cutting fluid constituents is likely to be high. The fungal 
biodeterioration of toxic cutting fluid constituents almost certainly leads to the 
toxicity reduction. 
De Boer et al. (1989) found that biocides, among other additives in cutting 
fluid were the greatest sensitisers to human contact dermatitis. All cutting fluid 
tested in these experiments was biocide-free, the toxicity to cells not being 
attributed to biocide. Some cell-lines are, however, sensitive to natural oils (Robb 
et al., 1990) and the toxicity of emulsions to cells in these experiments may be 
attributed to the vegetable oil constituents of the coolant. This sensitivity in cell-
lines unfortunatly is not representative of the effects of cutting fluid on human 
skin where sensitivity to oils is less, and the stratum corneum protective layer 
may play an important role increasing resistance to oil penetration. 
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Figure 4.15 
Reduction of cutting fluid emulsion toxicity to Vero cells and human skin 
fibroblasts corresponding to fungal growth incubation time. 
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Figure 4.16 
Scattergraph of responses of Vero cells to cutting fluid emulsion corresponding 
to fungal growth times. 
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Figure 4.17 
Summary of the total number of Vero cell responses to cutting fluid emulsion 
corresponding to fungal growth times. 
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Figure 4.18 
Scattergraph of responses of human skin fibroblasts to cutting fluid emulsion 
corresponding to fungal growth times. 
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figure 4.19 
Summary of total number of human skin fibroblast cell responses to cutting fluid 
emulsion corresponding to fungal growth times. 
_ Toxic ~ Non-toxic 
5.---------------------------------------------------~ 
4-
o 
1 
o 
o 2 4 6 8 10 12 14 
Fmgal incLbation time (days) 
86 
Although in vitro cell-line assays are an excellent indicator for toxicity, a fuller 
understanding of cutting fluid toxicity to skin could be gained using methods such 
as in vitro full thickness cutaneous testing (Van de Sandt, 1993) and 
transcutaneous electrical resistance dermal toxicity testing (Whittle & Basketter, 
1993b). 
87 
Chapter Five 
A physiological study of Fusarium 
solani. 
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5.1 EFFECT OF pH ON FUSARIUM SOLANI. 
The effect of pH on the physiology of Fusarium solani was investigated to 
determine the optimum conditions for growth and the effect of pH on secondary 
metabolite production in laboratory media was also studied. A detailed study was 
especially made of the effect of pH values comparable to those of cutting fluid 
(PH > 8.0) on fungal physiology, examining the potentially important role of pH 
on fungal colonisation in cutting fluid. Toxicity screening was performed to 
ascertain the effects of solvent extracts from cultures grown under unusual and 
non-standard cultural conditions. 
5.1.1 Method 
All pH experiments were performed in GPY medium, unless stated otherwise, 
using Fusarium solani 1SL-45 (1M1 no 360547), and incubated under standard 
conditions described in 2.2.2. Three series of experiments were performed:-
Firstly, for determination of the pH range for optimum growth, the medium 
in each flask was adjusted to the appropriate pH following media autoclaving by 
aseptically adding a predetermined volume of 0.2 M HCI (for pH < 7.0) or 0.2 
M NaOH (for pH > 7.0). 
Secondly, in the more detailed study of the effects of three pH values (PH 
5.2, 7.0 and 10.0), the medium in each flask was adjusted to the appropriate pH 
by aseptic addition of a predetermined volume of sterile 10% NaHC03 (PH 7.0) 
or 2M NaOH (PH 10). These experiments were necessary because it was found 
that Fusarium solani acidified the growth medium. 
Thirdly, to study the effects of maintaining a high pH, the pH of the medium 
was adjusted as already described and throughout the 9 day incubation, at daily 
intervals, the pH was readjusted to the initial value by aseptically adding 0.2 M 
NaOH. 
5.1.2 Results and discussion 
Fusarium solani was able to grow well under a wide range of pH (table 5.1 
and figure 5.1). Dry weight values, reflecting growth of the organism after 9 
days, was shown to be highest at an initial pH of 10, although there is a broad 
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range of growth, and pH values above 10 were not tested . Extensive growth of 
Fusarium solani in high pH products has been previously reported (Thomas, 
1984; Thomas, 1991; Thomas & Moss, 1990) where the organism was found to 
be growing in an alkaline antacid preparation. Fusarium solani could not grow 
at pH values below pH 2.5 suggesting unlikely involvement in acidic substrates. 
The wide occurrence of this species in nature may be related to the organisms 
tolerance to wide ranges of pH. It is worth stressing that the results in table 5.1 
and figure 5.1 only provide information about the influence on growth of the 
initial pH of the medium. To understand the role of pH in the physiology of 
Fusarium solani more fully, it is necessary to control the pH during incubation 
and such experiments have also been performed. 
Table 5.1 
Effect of initial pH on dry weight and solvent extractable metabolite production 
by Fusarium solani in GPY culture medium after 9 days. 
. . . . . 
. . . . 
, ' 
.. .', 
: : . 
2.5 
4.0 
5.5 
7.0 
8.5 
10.0 
, : . : 
: : 
: . : 
... ,:; : : . 
': 
... :
. : : : . 
" ... 
2.8 
3.5 
3.8 
4.1 
4.4 
4.9 
:,' ;.,' " "",,', :::::: H>:' " ::::, ' :j 
,~ : ,?" ,: :, ,', ,: : :: :; : :' 
:.:. : :,; :, : ~: : ~ : .' . '. . . ,'~.., ',' 
0.21 (0.03) 21.4 101.9 
4.45 (0.56) 171.4 38.5 
5.36 (0.40) 114.3 21.3 
5.69 (0.70) 121.4 21.3 
5.43 (0.08) 100.0 18.4 
6.73 (0.79) 21.4 3.2 
Figures in parentheses are standard deviations of three replicates. 
(I) Quantity of extractable material from 1 L medium. 
(2) Quantity of extractable material from 1 g mould. 
Initial pH adjusted to appropriate value by 0.2 M Hel or 0.2 M NaOH. 
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Figure 5.1 
Effect of initial pH on dry weight of Fusarium solani culture from GPY medium. 
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Vertical bars on graph plots correspond to range of values obtained in replicates. 
At the three initial pH values examined in detail (tables 5.2, 5.3 & 5.4 and 
figures 5.2, 5.3 & 5.4) a decrease of pH was associated with growth which was 
attributable to the production and accumulation of acidic metabolites in the culture 
medium. In both uncontrolled and controlled pH experiments (figures 5.5 & 5.6) 
with the exception of pH 10 (figure 5.7), the pH decrease was most notable 
between day 0 and day 3, attributed to greater levels of metabolism coinciding 
with exponential growth. In controlled pH experiments the pH decrease during 
incubation was more pronounced with media at initial pH 10 (figure 5.7) than 
initial pH _5.2 or 7.0 (figures 5.5 & 5.6) where the decrease was by 
approximately 3-4 units/day and 1.5 units/day respectively. 
The results obtained in the pH range tested (table 5.1) compare well with the 
more detailed study of Fusarium solani under uncontrolled pH conditions with 
initial pH values of 5.2, 7.0 and 10.0 (tables 5.2,5.3 & 5.4) showing that there 
is good reproducibility between experiments. 
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Table 5.2 
Physiology of Fusarium solani in GPY medium under conditions of controlled 
(readjusted) and uncontrolled pH with initial pH 5.2. 
: : : : : : : : : : : : : : : : : : : : : 
: : : 
. It : : 
: : : : : : : : : : : : 
: : : : ; : : .. : : : : : : . : : tf : : ~ : : : : : .. : : : : : . . . ' . 
0.3 0.49 (0.05) 33.3 67.9 
1.0 1.83 (0.29) 47.0 25.7 
2.0 2.21 (0.22) 91.5 41.4 
3.1 3.48 (0.54) 119.2 34.3 
4.0 4.40 (0.51) 124.2 28.2 
5.1 4.55 (0.36) 161.1 35.4 
6.2 4.98 (0.54) 152.9 30.7 
7.1 4.78 (0.52) 129.5 27.1 
8.0 5.17 (0.19) 118.9 23.0 
9.0 5.58 (0.46) 101.3 18.2 
Held (3) 5.63 (0.01) 42.7 7.6 
Figures in parentheses are standard deviations of three replicates. 
(1) Quantity of extractable material from 1 L medium. 
(2) Quantity of extractable material from 1 g mould. 
(3) Culture maintained at pH 5.2 throughout 9 day incubation. 
: :Ii 
: 
4.85 
3.77 
3.50 
3.45 
3.31 
3.16 
3.30 
3.76 
3.59 
3.61 
4.26 (4) 
(4) pH change from pH 5.2 to 4.26 represents pH decrease in final 24 hour period. 
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: 
: : 
Table 5.3 
Physiology of Fusarium solani in GPY medium under conditions of controlled 
(readjusted) and uncontrolled pH with initial pH 7.0. 
: : : : : : : : : : : : : . : : : : ~ : : : : :~ : : : : .. : ~I ~, : : : .. : : : : : ' .. : : : : 
. : : : : : :; : 
: : 
: : : .. : : : : : .. : 
.. : : : : 
: 
0.3 0.23 (0.08) 9.3 40.4 7.00 
1.0 1.45 (0.22) 13.1 9.0 6.92 
2.0 3.46 (0.30) 22.1 6.4 6.00 
3.0 4.95 (0.34) 23.1 4.7 5.25 
4.0 5.07 (0.56) 28.4 5.6 4.93 
5.1 5.37 (0.56) 31.5 5.9 4.56 
6.1 6.09 (0.27) 26.0 4.3 4.87 
7.0 6.14 (0.88) 29.2 4.8 4.70 
8.0 5.97 (0.90) 39.7 6.7 4.72 
9.0 5.46 (0.08) 39.7 7.3 4.03 
Held (3) 7.51 (0.33) 28.6 3.8 5.46 (4) 
Figures in parentheses are standard deviations of three replicates. 
(1) Quantity of extract material from 1 L medium. 
(2) Quantity of extract material from 1 g mould. 
(3) Culture maintained at pH 7.0 throughout 9 day incubation. 
(4) pH change from pH 7.0 to 5.46 represents pH decrease in final 24 hour period. 
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Table 5.4 
Physiology of Fusarium solani in GPY medium under conditions of controlled 
(readjusted) and uncontrolled pH with initial pH 10. 
: 
: 
: : : : .. : : : : : : : : : : : : : ~i~ : : : : li ~ : j 11: :: 1 : : : .. : IJ : 
: : : : : : : : : : : : : : : : : : 
: : : 11:;: : : f;P : : : : .. : .. : : : : : : : : . . .. : 
0.3 0.42 (0.05) 7.5 17.9 9.27 
1.0 1.87 (0.10) 14.2 7.6 7.04 
2.0 3.79 (0.39) 21.1 5.6 6.14 
3.0 4.86 (0.88) 22.1 4.6 5.08 
4.0 5.85 (1.55) 31.2 5.3 4.74 
5.1 4.80 (0.09) 30.2 6.3 4.70 
6.1 4.70 (1.25) 19.6 4.2 4.70 
7.0 5.58 (0.42) 23.6 4.2 4.21 
8.0 5.75 (0.42) 31.5 5.5 4.80 
9.0 5.73 (0.39) 39.1 6.8 4.82 
Held (3) 6.37 (0.71) 26.1 4.1 6.08 (4) 
Figures in parentheses are standard deviations of three replicates. 
(1) Quantity of extract material from 1 L medium. 
(2) Quantity of extract material from 1 g mould. 
(3) Culture maintained at pH 10.0 throughout 9 day incubation. 
(4) pH change from pH 10.0 to 6.08 represents pH decrease in final 24 hour 
period. 
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Figure 5.2 
Growth of Fusariwn solani In GPY medium (initial pH 5.2) without pH 
readjustment. 
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Figure 5.3 
Growth of Fusariwn solani In GPY medium (initial pH 7.0) without pH 
readjustment. 
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Figure 5.4 
Growth of Fusarium solani 10 GPY medium (initial pH 10.0) without pH 
readjustment. 
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Where pH was readjusted daily, to the initial pH, the dry weight values were 
slightly higher than those obtained with corresponding experiments where pH was 
not readjusted (tables 5.2, 5.3 & 5.4). This behaviour was attributed to Fusarium 
solani being able to grow better, closer to the optimum pH where pH was 
readjusted whereas slightly lower levels of biomass in uncontrolled experiments 
are attributable to Fusarium solani being less able to grow at reduced pH values. 
From these findings, it strongly suggests that substrates with pH values in the 
range 7-10 are better able to support growth of Fusarium solani than lower pH 
substrates (PH < 5.5). Furthermore, substrates at optimal pH may support 
enhanced growth if the material is suitably buffered to prevent the lowering of pH 
due to fungal metabolism. Cutting fluid posesses this characteristic and pH is 
likely to play an important role in the colonisation by Fusarium solani of this 
commodity. 
Fusarium solani therefore has the ability to grow over a wide range of pH, 
although it is best suited to environments, such as cutting fluid, where substrate 
pH is between pH 7 and 10. 
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Figure 5.5 
Changes in pH after daily readjustment in controlled pH experiment (Initial pH 
5.2). - I=i-i 
In. pi-! 52 
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Figure 5.6 
Changes in pH after daily readjustment in controlled pH experiment (Initial pH 
7.0)., - I=i-i 
In. pH 71) 
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Changes in pH after daily readjustment in controlled pH experiment (Initial pH 
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Three relationships were demonstrated during the studies of fungal physiology 
and pH. 
Firstly, it was found that during each experiment in which pH was 
maintained, dry weight and extract yield were approximately proportional where 
an increase of biomass was associated with an increase in extract yield. (tables 
5.2, 5.3 & 5.4). 
Secondly, there was an inverse relationship associated with pH and extract 
yield. Where pH decreased, an increase in extract yield occurred and this 
relationship is highlighted by the finding that the highest extract yields were 
associated with final pH levels below pH 3.6 which is in aggreement with Pari sot 
et al. (1990), who reported that pH values less than pH 4 were associated with 
an increase in extractable naphthoquinone pigments from GPY cultures of 
Fusarium solani. 
Thirdly, higher levels of biomass were found to be associated with low 
specific yields. Stress factors such as low pH (table 5.1) resulted in growth 
inhibition and promotion of increased levels of extractable secondary metabolites. 
When the organism was growing more vigorously, such as at pH 7.0 (table 5.3), 
energy was directed at biochemical mechanisms resulting in growth rather than 
secondary metabolism. 
It was found that inoculum contributed 0.2-0.4 giL to dry weight values 
obtained from day 0 determinations, thus dry weight values < 0.4 giL are 
attributable to inoculum. Between 5-10 mglL extractable material was recovered 
from uninoculated GPY medium and this material therefore is likely to interfere 
in experiments where growth is limited, reflected by media extractable 
components not being utilised by the organism. These characteristics are therefore 
associated with extracts of cultures at day O. 
The level of pigmentation in extracts in many cases was dependent upon the 
extract yield. It was found that extract yield values exceeding 30-50 mglL was 
associated with maroon to orange pigmentation. Maintaining cultures at initial pH 
(7 & 10) resulted in unpigmented extracts and cultures maintained at pH 5.2 
resulted in extract material with only slight pigmentation. These results compare 
well with those of Parisot et al. (1990) and furthermore in these experiments 
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pigmented extracts were only obtained from cultures in which pH fell below 4.5-5 
reflecting the relationship between lower culture pH and higher extract yield. The 
highest level of pigmentation was associated with extracts from growth in media 
at initial pH 5.2, where the pH decreased to between 3.5-4. 
Factors other than pH influence pigment formation because, although during 
these experiments no pigment was observed in culture where pH did not drop 
below 4, pigmentation has been observed at pH > 6 in the presence of high 
phosphate (chapter 6). 
The minimum extract cytotoxic dose to Vero cells was in most cases found 
to be 25 ug/ml, although doses of 12.5 ug/ml were demonstrated with a few 
strongly pigmented samples. These values demonstrate that in comparison with 
trichothecene metabolites relatively large quantities of fungal material are required 
to be toxic in vitro. The low toxicity to cells in vitro, and the absence of any 
reports of human disease associated with these materials suggest that these 
metabolites are of little human toxicological significance in niches occupied by 
Fusarium solani. No trichothecenes were detected using TLC (Sano et al., 1982) 
when comparing culture extracts of Fusarium solani with samples of known toxic 
material, confirming that production of toxic metabolites, hazardous to human 
health, by this organism is unlikely. 
The high pH of cutting fluid, although supporting growth of Fusarium solani, 
is an unlikely environment for the production of the slightly cytotoxic metabolites 
found in culture medium. However, a detailed study of the physiology of 
Fusarium solani with individual cutting fluid constituents (chapter 6) is required 
to firstly ascertain the materials capable of being biodegraded and secondly to 
determine the secondary metabolite characteristics under the conditions tested. 
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~ EFFECT OF TEMPERATURE ON FUSARIUM SOLANI. 
An experiment was performed to determine the optimum temperature for 
fungal growth and metabolite production in laboratory media. 
5.2.1 Method 
Experiments were performed in GPY medium, using Fusarium solani ISL-45 
and incubated on rotary shakers (190 rpm) at a range of temperature from 4-37°C 
for 9 days. 
5.2.2 Results and discussion 
The optimum temperature for growth of Fusarium solani after 9 days was 
20°C (table 5.5 and figure 5.8) and the organism produced extensive growth 
between 20°C and 30°C. The level of biomass was less at 37°C than 4°C or 10°C 
strongly suggesting this particular strain of Fusarium solani (ISL-45) is less well 
adapted to growth at high temperatures. The optimum temperature for Fusarium 
solani has previously been reported as 27°C to 31°C (Samson & Reenen Hoekstra, 
1988) whereas a strain capable of anaerobic growth only grew between 25°C and 
35°C (Marchant et al., 1994). The optimum growth temperature of the Fusarium 
solani strain isolated from cutting fluid is rather low in comparison with these 
published results. This strain may be adapted to grow at lower temperatures 
associated with the sump environment in temperate climates, assuming sump 
temperature operates at ambient temperature. The inability of this organism to 
grow at 37°C makes it less likely to cause opportunistic human systemic mycoses. 
The high level of Aspergillus tamarii in the Malaysian samples may not just 
reflect the ability of this organism to grow at higher temperatures than Fusarium 
solani. Aspergillus tamarii has been reported as a biodeteriogen of cosmetic 
emulsions (Manowitz, 1961) and under tropical conditions is therefore highly 
adapted to grow in cutting fluid at the expense of Fusarium solani. 
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Table 5.5 
The effect of temperature on dry weight and extractable metabolite production by 
Fusarium solani after 9 days. 
. . : .. · . . . ... 
: 
: : . . : 
: · . : . t' . . 
.. : : : 
· . 
.. 
. . . 
. . 
. . 
. . . . . . . . . . . . ' . . . . . . . . . 
4 1.13 (0.22) 14.3 12.6 
10 1.96 (1.33) 21.4 10.9 
15 4.75 (0.10) 12.9 2.7 
20 6.75 (0.31) 57.1 8.5 
25 5.60 (0.46) 114.2 20.4 
30 5.36 (0.31) 135.7 25.3 
37 0.30 (0.05) 14.3 47.7 
Figures in parentheses are standard deviations of three replicates. 
(1) Quantity of extract material from 1 L medium. 
(2) Quantity of extract material from 1 g mould. 
Figure 5.8 
Effect of temperature on Fusarium solani after 9 days. 
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The strains of Fusarium solani reported by Samson & Reenen Hoekstra 
(1988) to grow at temperatures higher than 30°C may only be representative of 
isolates from a commodity, such as infected plant material, from warm climatic 
reglOns. 
The extract yield was approximately proportional to biomass (table 5.5) and 
was highest at 30°C coinciding with the lowest final pH value, thereby 
demonstrating the relationships discussed in 5.1. The specific yield was highest 
at 37°C where biomass was very low, the specific yield being inversely 
proportional to growth which further supports the relationship between stress and 
secondary metabolism discussed in 5.1.2 .. 
None of the extracts were very toxic to Vero cells and minimum cytotoxic 
dose levels were comparable to those with extracts from pH experiments. TLC 
revealed a greater number of distinct coloured bands in extracts from cultures 
grown at 20°C to 30°C corresponding with the highest extract yields. Bands 
exhibited fainter intensity and were less numerous below 20°C and at 37°C 
corresponding with low extract yields. 
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5.3 PHYSIOWGY OF FUSARIUM SOLANIIN CUTTING FLUID 
An understanding of the behaviour of Fusarium solani under a wide range of 
environmental conditions in culture media has been gained, though the simplicity 
of such experiments may not allow a prediction of the physiology in a complex 
environment such as a cutting fluid. Several experiments investigating the 
physiology of Fusarium solani in cutting fluid were performed including the 
effects of inoculum, light, nitrogen source, supplements, swarf and surfaces. The 
results from these experiments provide a greater understanding of fungal 
physiology in the cutting fluid niche. 
5.3.1 Effect of supplements in cuttine fluid on foneal physioloey 
Rossmoore (1986) reported that mould was only able to grow in cutting fluid 
in the presence of live or dead bacteria, although in laboratory experiments using 
cutting fluid, yeast extract (MOD defence standard 91170 issue 1) has been widely 
used as a supplement successfully permitting fungal growth in the commodity in 
the absence of bacteria. Yeast extract is used as standard supplement in industrial 
cutting fluid fungal challenge experiments, possibly simulating the effect of 
bacteria in a natural situation. 
These experiments investigate the effects of phosphate and micronutrients 
supplemented into yeast extract-free cutting fluid. 
5.3.1.1 Method 
Supplements were added to sterile cutting fluid at equivalent concentrations 
used in culture media experiments. Borrow's micronutrients (chapter 2) was used 
as a source of micronutrients and phosphate was supplemented at a concentration 
of 14.7 mM, equivalent to concentrations used in BNM medium. 
5.3.1.2 Results and discussion 
Findings described by Rossmoore (1986) showed an obligate requirement for 
the presence of bacteria in cutting fluid prior to fungal growth. \.Jork in this 
project (table 5.6 and figure 5.9) not only confirms this finding, but also 
identifies the possible nutritional relationships in greater detail. Cutting fluid 
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un supplemented by yeast extract was only able to support limited fungal growth, 
although the organism was able to grow in a defined minimal medium (chapter 
6) where it is shown that the strain of Fusarium solani tested has no auxotrophic 
nutritional requirements and the inability to grow in a nutrient-rich substrate such 
as cutting fluid, without supplementation, is puzzling. 
Initially it was hypothesised that lack of micronutrients was responsible for 
the limited growth in yeast extract-free cutting fluid. However, with micronutrient 
supplementation low fungal dry weight values, comparable with yeast extract-free 
cutting fluid occurred (table 5.6 and figure 5.9). It was then hypothesised that 
nitrogen or phosphate sources play an important role in the establishment of 
mould in cutting fluid. 
It must be emphasised that although the nitrogen and phosphate supplements 
tested were stimulatory to growth after 2 weeks of incubation, fungal dry weight 
values at incubation times comparable with experiments using yeast extract 
supplement were very low. 
Phosphate supplementation resulted in increased fungal dry weight by week 
6 of incubation, and although able to have some effect on fungal growth it is 
unlikely that the inability of Fusarium solani to grow in yeast extract-free cutting 
fluid is attributable to phosphate starvation alone. 
Nitrogen supplementation was associated with a noticeable increase in fungal 
dry weight between 1-2 weeks incubation (table 5.6 and figure 5.9), and although 
dry weight levels were not quite comparable to yeast extract supplemented cutting 
fluid (table 5.7 and figure 5.10), the role of an additional nitrogen source in 
cutting fluid is of importance. Interestingly, nitrate supplemented cutting fluid 
supported a similar level of fungal dry weight after 3 weeks incubation supporting 
evidence that the normal nitrogen source in cutting fluid is insufficient for 
establishment of fungal growth. 
104 
Table 5.6 
Effects of various supplements in cutting fluid on Fusarium solani physiology. 
: : : : : : : : : : : : 
: : : : : : : : 
.. . . : : 
: : : : : : : : : : 
: : 
: : : : : : : : 
: : : : : : : 
: : ~ : : : : 
0 24 (7) 110 (10) 350 (50) 280 (30) 
1 43 (16) 130 (70) 270 (28) 540 (10) 
2 88 (7) 1 180 (170) 470 (30) 620 (30) 
3 84 (16) 2160 (60) NO NO 
4 69 (20) NO 560 (21) 1350 (80) 
5 147 (10) ND 660 (50) 1930 (220) 
6 155 (10) ND 670 (140) 2490 (1410) 
At 3 weeks N03- supplemented yeast extract-free cutting fluid supported 2810 (310) 
mglL fungal dry weight. Supplemented with NH4N03 (0.28 gIL) corresponding to 
quantity of nitrogen in 0.1 % yeast extract supplemented cutting fluid. 
Figures in parentheses are standard deviations of three replicates. 
1 Un supplemented cutting fluid. 
2 Glycine supplement (0.52 gIL) corresponding to quantity of nitrogen in 0.1 % 
jeast extract supplemented cutting fluid. 
Supplemented with Borrows micronutrient solution (2mllL). 
4 Supplemented with phosphate (2g/L), comparable with BNM culture medium. 
Figure 5.9 
Growth of Fusarium solani in cutting fluid with various supplements. 
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Dead or living aerobic bacteria are able to offer a source of assimilable 
nitrogen for fungal growth. The Pseudomonads, including Pseudomonas spp., are 
very common cutting fluid contaminants and spoilage organisms, and are 
probably able to biodegrade complex nitrogen-containing compounds in cutting 
fluid (monoethanolamine, triethanolamine and benzotriazole) resulting in bacterial 
growth, whereas fungi, with less well adapted metabolism for degradation of 
these compounds are unable to utilise them. The presence of a small quantity of 
assimilable nitrogen in the cutting fluid permits fungal establishment and when 
biomass levels are sufficient, metabolic adaptation by the mould leads to the 
utilisation of some of the less easily assimilable nitrogen containing constituents. 
The very small quantity of assimilable nitrogen (compounds such as organic 
nitrogen, NH4 + and N03-) in yeast extract supplemented cutting fluid experiments 
are probably present in bacterially contaminated cutting fluid, although alone 
insufficient to support the levels of biomass observed, is sufficient to promote a 
small quantity of biomass. This biomass is more able to adapt to the less 
assimilable nitrogenous components of cutting fluid permitting a further increase 
in fungal biomass. 
The findings of Rossmoore (1986) that cutting fluid un supplemented by an 
external nutrient source are unable to support fungal growth, are confirmed in this 
study, and findings can be elaborated by showing that fungal growth in sterile 
cutting fluid occurs in the presence of an assimilable nitrogen source. Although 
a suitable source of such assimilable nitrogen is bacteria, the role of organic 
waste scraps discarded by workers play an equally important role in the 
establishment and growth of fungal species, including Fusarium solani in cutting 
fluid systems. 
The very low levels of dry weight associated with experiments with no fungal 
growth, such as those with yeast extract-free cutting fluid, can be attributed to 
scum formation resulting in un filterable material interfering with dry weight 
determination, although cutting fluid phases did not separate. 
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5.3.2 Effect of inoculum 
The effect of various types of inoculum on growth was investigated to 
increase understanding on routes of inoculation and adaptation of Fusarium solani 
to cutting fluid. 
5.3.2.1 Method 
Three methods of inoculation of yeast extract supplemented cutting fluid were 
investigated and all experiments were performed in 125 ml cutting fluid in 250 
ml flasks and incubated under standard conditions (2.3.2). A vegetative inoculum 
consisted of addition to sterile cutting fluid of 0.2 ml Fusarium solan; vegetative 
mycelial suspension from either a 14 day cutting fluid culture or 2 day BNM 
culture. Spore inocula consisted of 0.5 ml spore suspension in PBS (5 x lOS 
spores/ml). 
5.3.2.2 Results and discussion 
In aggreement with previous results, yeast extract-free cutting fluid supported 
no fungal growth, although there is a small increase in dry weight between days 
4 and 10 (figure 5.10) of the incubation, possibly attributable to inconsistency of 
inoculum size during inoculation. Fungal dry weight values between inocula, 
during the incubation are variable however, with values ranging from 4.1-6.7 gIL 
at day 14 (table 5.7), and it is likely this behaviour is attributable to variability 
during the growth experiments. 
The higher level of day 14 fungal dry weight with BNM inoculum is possibly 
attributable to very small quantities of BNM constituents entering the cutting fluid 
with the inoculum. From work in 5.3.1 it was found that cutting fluid is nitrogen 
limiting and the supplementation with readily assimilable nitrogen sources (N03-, 
NH4 + and -NH2) is able to support growth. Inclusion of some assimilable nitrogen 
in the inoculum permits the cutting fluid to support slightly greater levels of 
biomass leading to increased fungal dry weight values, before low assimilable 
nitrogen levels become growth limiting. The variability of day 14 biomass values 
are not attributable to surplus oil or scum as no unfilterable material was 
observed on filter papers during dry weight determinations and small standard 
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deviations in experiments demonstrated that variability In each experiment 
performed was not large. 
The initial dry weight values at day 0 are attributable to inoculum and are 
comparable to inoculum dry weight in previous work and experimental data to 
determine inoculum dry weight (0.1 to 0.5 giL). 
The most readily adaptable inoculum to' cutting fluid was spore inoculum 
(table 5.7 and 5.10). A heavy inoculum (5x1OS spores/ml) was used, and although 
this may be unrealistic in an industrial situation, it is possible that the fast 
adjustment to the medium was attributable to the inoculum size. It is also possible 
that as the fungal material used for inoculum had not been utilising any particular 
nutrient for growth (SNA medium is carbon limiting), as in the case with 
vegetative actively growing fungal material, there was no requirement for the 
fungal metabolism to adapt from one nutrient to another, therefore considerably 
less time was taken for adaptation to the cutting fluid environment. 
Comparing the two vegetative inocula used, it was not surprising that the 
cutting fluid vegetative inoculum resulted in faster adaptation to the medium than 
BNM vegetative inoculum, evident by a reduction in lag phase by two days, from 
day 6 with BNM inoculum to day 4 with cutting fluid inoculum (table 5.7 and 
figure 5.10). 
The fungal metabolism in the cutting fluid vegetative inoculum experiment was 
already adapted to the physiological and nutritional demands of cutting fluid and 
therefore no adaptation was required when inoculated into fresh sterile cutting 
fluid, resulting in prompt growth. 
With BNM vegetative inocula, the fungal metabolism was obliged to adapt 
from utilising sucrose as a main carbon source in BNM medium, to vegetable oils 
in cutting fluid. The presence of other potentially inhibitory compounds such as 
monoethanolamine (Rossmoore, 1979) may possibly make the adaptation to 
cutting fluid increasingly difficult for the organism. Therefore with BNM 
inoculum in cutting fluid, a longer delay is expected prior to the onset of the 
logarithmic phase of growth, which is clearly illustrated in figure 5.10. 
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: 
: 
Table 5.7 
, 
Effect of inoculum type on Fusarium solani growth In 0.1 % yeast extract 
supplemented cutting fluid. 
: : : ::::::::}: : : 
r.ll . 
: ::'::, : 
: : : : 
: 
: : : 
: 
: : 
: : 
: : : : : 
: : : : 
: 
: : 
: 
: 
: . . .. : 
0 0.03 (0.01) 8.72 0.06 (0.01) 8.66 0.19 (0.09) 8.47 
2 0.04 (0.01) 8.72 0.2~ (0.03) 8.41 0.33 (0.03) 8.34 
4 0.31 (0.11) 8.55 0.63 (0.68) 8.24 1.31 (0.12) 8.16 
6 0.61 (0.36) 8.29 2.43 (0.14) 7.95 3.30 (0.36) 8.12 
8 3.70 (1.20) 7.85 2.99 (0.21) 8.00 4.23 (0.06) 8.15 
10 4.32 (0.87) 7.86) 3.56 (0.15) 8.10 5.01 (0.51) 8.12 
12 6.65 (2.05) 8.03 4.12 (0.23) 8.11 4.83 (0.17) 8.15 
14 6.69 (0.99) 8.02 4.15 (0.17) 8.13 5.39 (0.33) 8.17 
Figures in parentheses are standard deviations of three results. 
1 Vegetative mycelial inoculum from 2 day BNM culture. 
2 Vegetative mycelial inoculum from 14 day cutting fluid culture. 
3 Spore inoculum (5x105 spores/ml) in PBS suspension from 14 day SNA plate. 
Figure 5.10 
Growth of Fusarium solani In cutting fluid following different inoculation 
methods. 
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A pH decrease of approximately 0.5-1 units was associated with an increase 
in fungal dry weight with all inocula tested, although the decrease was most 
marked with BNM vegetative inoculum culture. The pH decrease, as with GPY 
culture work (5.1) is attributable to production of acidic metabolites. The poor 
buffering of GPY medium permits a pH decrease of 2-3 units during 9 days 
incubation whereas suitable buffering in cutting fluid offers considerable 
resistance to pH decrease. The high pH buffering of cutting fluid is attributable 
to the presence of basic alkanolamines, monoethanolamine and triethanolamine, 
which are chiefly employed as corrosion inhibitors, although some degree of 
antimicrobial activity has also been reported (Rossmoore, 1979; Rossmoore, 
1986). 
The length of lag phase with inoculum was not attributable to adaptation to 
pH. In previous work (5.1), Fusarium solani grows best at pH 7-10, hence is 
highly suited to the cutting fluid environment with pH between 8.5-9.5. A shorter 
lag phase associated with GPY culture media (figures 5.2, 5.3 and 5.4) than with 
cutting fluid is attributed to the organism being more readily adaptable to 
nutrients in GPY medium than cutting fluid. Furthermore, such behaviour was 
observed in other culture media (chapter 6). 
5.3.3 Effect of li&ht on Fusarium solani. 
An increase in the formation of toxic metabolites by Fusarium solani var. 
coeruleum in the dark was reported by EI-Banna et ale (1984). An experiment is 
performed to investigate the possibility of light playing a role in the secondary 
metabolism and toxigenicity of cutting fluid-borne Fusarium solani (ISL-45). 
5.3.3.1 Method 
Experiments were performed in 250 ml flasks either containing 125 ml 
cutting fluid or 50ml culture media. Flasks incubated in the absence of light were 
wrapped in aluminium foil prior to inoculation. Flasks were incubated under 
standard conditions (2.3.2). 
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5.3.3.2 Results and discussion 
In both GPY culture media and cutting fluid, no demonstrable difference in 
fungal dry weight between incubation in light and dark occurred (table 5.8). The 
day 14 fungal dry weight with cutting fluid was higher than levels found in 
previous experiments (5.3.2) and may be attributable to carry over of BNM 
constituents in the inoculum capable of allowing cutting fluid to support greater 
levels of biomass. There was neglible difference between extract yield and 
specific yield values with the organism after both treatments. 
The findings by EI-Banna et al. (1984) indicate that some strains of Fusarium 
solani are able to produce small quantities of deoxynivalenol (figure 1.1) from 
undetectable levels (TLC) to 23.8 ug/ml on potato tubers and in GPY medium 
under darkened conditions. Their work also demonstrated a decrease in 
pigmentation and sporulation with DON increase in the dark. In the present study 
the toxicity of Fusarium solani ISL-45, in GPY, was shown to be unaffected by 
the presence or absence of light, and in both cases the minimum cytotoxic dose 
to Vero cells was 25 ug/ml, comparable to results obtained earlier (chapter 3). 
There was no change in cutting fluid toxicity after incubation in light or dark 
and minimum cytotoxic dilution to Vero cells and human skin fibroblasts was 
dilution factor 1:4 in each case, comparable with previous work (chapter 4). 
There were also no changes to pigmentation or sporulation, demonstrating that 
the results of EI-Banna et al. (1984) are not uniform throughout the range of 
Fusarium solani strains. 
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Table 5.8 
Effect of light on Fusarium solani physiology in culture media and cutting fluid. 
. . . 
. . . . 
: : : . . 
. . . : 
. : : . . 
. : : 
. . . 
. : " : : . . ' .. 
. . . 
.. 
. : " . : : : : ,: 
. : . . 
. . . : : : : . .. .. . .. 
. . : . . 
GPY 
GPY 
c. Fl. 
c. Fl. 
+ 
. . 
. . 
. . : . 
+ 
. ' : 
3.94 (0.52) 
4.08 (0.50) 
9.00 (0.82) 
9.98 (1.43) 
: . :' : 
. il ·: . . . : ::. :: 
: if . 
128.6 
142.9 
Figures in parentheses are standard deviations of three replicates. 
I Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
: : .. : : : : 
B:I:::: : : : : .: 
: ~:::::: :: ... 
30.0 
32.7 
5.3.4 Effect of nitro&:en source on Fusarium solani in cuUin&: fluid. 
The effects of various nitrogen sources in cutting fluid on Fusarium solani 
were investigated to increase understanding of effects caused by disposal of waste 
materials into cutting fluid. The effects were investigated under complex 
conditions in model systems to simulate the industrial environment. 
5.3.4.1 Method 
Experiments were performed in model systems and flasks as described in 
4.2.1.2. Normal cutting fluid nitrogenous constituents were omitted from the 
product concentrate and a modified version of the coolant was supplied by Castrol 
research laboratories, Pangbourne. A 5 % (v/v) emulsion was prepared and 
nitrogen sources (N03-, NH4 + and -NH2) were amended to adjust the nitrogen 
level to 0.075 % corresponding to nitrogen levels in normal cutting fluid . 
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5.3.4.2 Results and discussion 
In confirmation of results from earlier work, dry weight values were higher 
from shake flasks in comparison with model systems (table 5.9). This behaviour, 
as described in 4.1 may be attributable to temperature and aeration, which are are 
not optimal in model systems. 
The cutting fluid concentrate was composed differently than the normal 
product, where nitrogenous components (monoethanolamine, triethanolamine and 
benzotriazole) were omitted. To maintain normal cutting fluid pH in the absence 
of the alkanolamines, 50 % sodium hydroxide solution was used to adjust the 
undiluted product to pH 9. 
The lowest quantities of dry weight from experiments testing nitrogen sources 
in modified nitrogen-amendable cutting fluid were with nitrogen-free experiments, 
although limited growth was observed. The results (table 5.9) demonstrate very 
small levels of growth have occurred in nitrogen-free cutting fluid, especially in 
the shake flasks. Such behaviour may be attributable to carryover of essential 
nutrients in the inoculum, as already described (5.3.2 and 5.3.3), the model 
system permitting less growth than in shake flasks, as reproduced with other 
nitrogen sources tested. Two other sources of potential misinterpretation using 
nitrogen-free cutting fluid include nitrogen-containing impurities in water, swarf 
or glassware and the ability of the organism to scavenge volatile atmospheric 
nitrogenous materials. The possibility of nitrogenous materials in the water used 
to dilute the cutting fluid is very remote. Ultra-pure Milli-Q water was used in 
all cutting fluid experiments and any soluble nitrogenous compounds would have 
been removed by ion exchange mechanisms in the purifying unit. 
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Table 5.9 
Effect of nitrogen source on Fusarium solani physiology in amended cutting fluid . 
: 
: : : : : : : : : : : : : : : : 
: : : 
: : 
: 
: : 
: 
: : : : : : 
: : 
: : : : 
: : : : : 
: : : : : : : : 
: : : 
: 
: : : : '. : . :~::,..",,:: 
N-free Shake 3 1.39 (0.23) 98.1 
Model 4 0.82 90.7 
NO; Shake 3 3.29 (0.52) 98.6 
Model 4 1.47 (0.05) 82.8 
NH4 + Shake 3 4.94 (0.60) 99.6 
Model 4 1.26 (0.98) 88.3 
Glycine Shake 3 3.77 (0.77) 90.9 
Model 4 2.01 (0.18) 80.1 
Figures in parentheses are standard deviations of three replicates. 
Nitrogen-free cutting fluid was only tested once in model systems. 
: 
: 
: 
: 
: : 
: 
: 
: 
: : 
Combined dry weight of fungal biomass attached to swarf package and 
planktonic biomass after 14 days. 
2 Percentage of fungal material attached to swarf package surface, as dry weight. 
3 Experiments performed in 1 litre shake flasks. 
4 Experiments performed in model systems as described in 4.2. 
In shake flasks, NH4 + was found to support the highest level of biomass and 
although glycine and N03- supported less biomass, it is clear that Fusarium 
solani had the ability to utilise these nitrogen sources. The total dry weight values 
in all experiments (table 5.9) being less than the levels recorded with cutting fluid 
supplemented with yeast extract (table 5.7) may be attributable to the different 
nature of the general cutting fluid constituents used in nitrogen-amendable cutting 
fluid. The high concentration of sodium hydroxide, although controlling pH 
adequately, may have played a role in growth limitation in these experiments. 
Other changes were made to the nitrogen-amendable formulation including 
alteration of coupler and emulsifier concentrations, and such changes may also 
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affect fungal physiology. Although NH4 + supported the highest biomass in shake 
flasks, it is interesting that it was associated with the least biomass, compared 
with other nitrogen sources tested, in model systems. This behaviour is not fully 
understood. In model systems, glycine was found to support the highest biomass, 
and in both shake flasks and model systems, nitrogen in a reduced state (NH4 + 
and -NH2) supported more growth than nitrogen in an oxidised state (N03-) , 
although N03- supported growth well in shake flasks. Reduced nitrogen 
compounds are easier to assimilate in anabolic pathways resulting in growth, than 
oxidised nitrogenous compounds, which have to be reduced prior to utilisation in 
anabolic pathways. The energy requirement is thus physiologically more 
demanding than utilisation of a reduced nitrogen compound, resulting in less 
efficient growth. 
Swarf associated dry weight in each case was higher by approximately 10% 
in shake flasks than model systems. This characteristic may simply reflect higher 
biomass in shake flask experiments, although the method of recirculating cutting 
fluid in model systems may have played a role in this behaviour. The gentle 
shaking motion in shake flask experiments possibly promoted greater attachment 
of fungal material, whereas in model systems, the swarf package was located in 
the base of the soxhlet extractor, and the high frequency of cutting fluid emptying 
from the vessel after refilling by recirculation may not have permitted sufficient 
time for fungal material to adhere to the swarf package. It was also apparent that 
a smaller quantity of swarf associated material was associated with organic 
nitrogen sources, such as glycine. The effect was clearly demonstrated in shake 
flasks, although less well defined in model systems. The observation that the 
presence of organic nitrogen in cutting fluid may appreciably reduce surface 
biomass is further investigated in 5.3.5. 
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5.3.5 Effect of swarf and surfaces on Fusarium solani. 
The direct roles of swarf and surfaces on fungal ecology in cutting fluid does 
not seem to have been investigated, although there are reports of the indirect roles 
on microbial ecology of swarf and metals in the context of biocide efficiency 
(Bennett et al., 1982; Rossmoore, 1979; Rossmoore, 1986). Experiments to 
investigate the effects of aluminium and iron swarf on Fusarium solani were 
performed to determine whether the presence of swarf plays any fundamental role 
in fungal colonisation. The effects of inert surfaces on fungal behaviour was also 
investigated to determine whether fungal biofilm formation and growth is simply 
enhanced by the presence of additional surface area. 
In previous experiments, it was found that decreased levels of biofilm on 
swarf packages was associated with cutting fluid containing organic nitrogen and 
that cutting fluid amended with inorganic nitrogen supported increased fungal 
biofilm on swarf packages. This relationship was investigated further by assessing 
the effects of various nitrogen sources on fungal colonisation of swarf and inert 
surfaces. 
5.3.5.1 Method 
All experiments were performed with Fusarium solani (ISL-45) in 250 ml 
flasks containing 125 ml cutting fluid, and incubated under standard conditions 
as described in 2.3.2. 
Four experiments were performed, following treatment with swarf :-
Firstly, the effect of dissolved swarf materials (treatment A) on fungal 
physiology was determined by incubating 500ml pure water with a 5g swarf 
package (AI, Fe or AIIFe 1: 1) for 14 days at 25°C on a rotary shaker at 190 rpm. 
The water was then used to dilute the cutting fluid prior to inoculation. 
Secondly, the effect of swarf was tested immersing a preweighed nylon 
package of swarf (1.25 g) containing aluminium, iron or both metals (1: 1) into the 
cutting fluid, diluted with untreated water. 
Thirdly, an inert control consisted of a nylon package containing 1.25g fused 
alumina beads instead of swarf (treatment C). 
Fourthly, the effect of inert surfaces in the presence of dissolved swarf 
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materials (treatment B) was investigated using cutting fluid prepared as for 
treatment A, but also containing a 1.25g package of alumina beads. 
To determine biomass adhered to swarf package surfaces, the packages were 
weighed after washing in isopropanol and drying at 100°C for 24 hours. 
In experiments where nitrogen source was investigated, nitrogen amended 
cutting fluid was used (see 5.3.4.1). 
5.3.5.2 Results and discussion 
The lowest fungal dry weight values in surface and swarf experiments were 
associated with cutting fluid made up with water pre-treated with separate 
aluminium and iron swarf (table 5.10; treatment A) although water pre-treated 
with aluminium/iron swarf combination was significantly less inhibitory to fungal 
growth. 
Swarf packages in cutting fluid produced a higher yield of fungal material 
than cutting fluid containing packages of inert alumina beads and both types of 
surface present in cutting fluid resulted in greater fungal dry weight than 
swarf/surface-free cutting fluid (table 5.10). Where cutting fluid flasks contained 
swarf packages, containing both metals separately and in combination, fungal dry 
weight values were slightly higher than those observed in previous cutting fluid 
experiments (5.3.1 & 5.3.2). 
The presence of surfaces in cutting fluid appears to stimulate growth, and the 
presence of metal swarf as a surface promotes a greater dry weight level, than 
inert surfaces. The mould is possibly better able to adhere to metal surfaces than 
to the inert surface. The surface may provide a suitable environment for 
germination of fungal spores in addition to biofilm accumulation. The higher level 
of fungal material from cutting fluid diluted in water pre-treated with swarf in the 
presence of inert surfaces (table 5.10; treatment B) than treatment A, suggests 
that the alumina is somehow able to adsorb potentially toxic soluble swarf 
materials from the cutting fluid, hence suppressing the toxic effect of such 
materials on fungal growth. 
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Table 5.10 
E.ffec.t o~ swarf and surface on . Fusarium solani physiology in cutting fluid, 
hlghhghtmg surface fungal adheslOn characteristics. 
: : : : : : : : : 
: : : : : : : : : : : : : : : : : : : 
: : 
: : : : 
: : : : : : : : 
: : : 
: : 
: 
: : : : : : : : 
: : 
: : : 
: : : : : : 
: : 
: : : : : : : 
: : : : : : : : : : : : : : 
Treatment A Al 0.56 (0.07) 0.56 (0.07) -
Fe 0.52 (0.17) 0.52 (0.17) -
AI:Fe 2.62 (0.36) 2.62 (0.36) -
Treatment B Al 2.68 (0.37) 1.61 (0.41) 40.8 
Fe 3.59 (0.57) 1.69 (0.25) 52.0 
AI:Fe 3.02 (1.09) 1.34 (0.36) 53.3 
Swarf - Al(1) - 8.35 (0.72) 3.12 (0.41) 62.0 
Swarf - Fe(1) - 6.98 (0.09) 3.65 (0.51) 47.6 
Swarf - AI:Fe(1) - 7.95 (0.54) 2.32 (0.19) 70.6 
No swarf - 2.98 (0.65) 2.98 (0.65) -
Treatment C - 5.90 (0.46) 2.92 (0.55) 51.0 
Figures in parentheses are standard deviations of three replicates after 14 days. 
Treatment A - Cutting fluid diluted by water pre-treated with swarf for 14 
days. 
Treatment B - Cutting fluid diluted by swarf pre-treated water (treatment A) 
plus sack (l.25g) of inert alumina beads. 
Treatment C - Cutting fluid containing sack of alumina beads only. 
(I) Standard swarf sack (1.25g) in cutting fluid diluted with untreated water. 
The high level of inhibition imposed on fungal growth in cutting fluid 
composed of water pre-treated with swarf is not reflected in fungal growth with 
swarf as a surface. A high concentration of dissolved swarf constituents, 
including AI3+ and Fe2+ in appropriate cases, is present in cutting fluid diluted 
with swarf pre-treated water and the presence of such ions and possibly other 
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metal ion species or complexes are inhibitory to Fusarium solani growth. 
However, normal cutting fluid containing anticorrosive agents, in which swarf 
was added after cutting fluid preparation is less likely to inhibit fungal growth. 
The anticorrosive agents in cutting fluid containing swarf pre-treated water have 
no effect in reducing metal ion toxicity in material already "contaminated" with 
products of corroded metal. 
These experiments were performed in 125 ml cutting fluid in 250 ml flasks 
and swarf packages in cutting fluid produced a greater fungal biomass than flasks 
containing swarf-free cutting fluid. However, an earlier experiment (table 4.1) 
performed in 500 ml cutting fluid in 1 L flasks demonstrated little difference 
between fungal dry weight of swarf supplemented and swarf-free experiments. It 
is possible that the higher surface area presented by the larger vessel may reduce 
the effects of swarf/surfaces in shake flasks. This behaviour is of potential 
importance in industry where large sump volume may permit less fungal biomass 
accumulation on swarf present. Swarf may therefore only be critical to fungal 
growth in a laboratory situation where small vessels are used. The swarf weight 
to cutting fluid/vessel volume is also likely to affect fungal physiology, although 
this has not been investigated. Industrial sump walls are often constructed of 
concrete and this material may play an important role in fungal adhesion. 
Although not reported with cases of Fusarium solani, crevices in concrete sump 
walls are a likely environment for the survival of fungal spores during sump 
cleansing (Bennett, 1972). 
Results in earlier work (table 5.9) suggested that less fungal material was 
attached to swarf associated with organic nitrogen than inorganic nitrogen. The 
results in table 5.11 support this observation, especially in the presence of inert 
surfaces. In agreement with results from previous work (table 5.10), the lowest 
quantities of fungal dry weight were obtained in swarf/surface-free cutting fluid, 
whereas the maximum dry weight with each nitrogen source tested, was 
associated with swarf supplemented cutting fluid. 
Also agreeing with previous work (table 5.9), fungal dry weight levels with 
nitrogen sources were comparable and in this experiment it was found that 
sequentially, nitrogen-free < nitrate < triethanolamine < urea < glycine < 
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normal cutting fluid, supported greater fungal biomass. 
Lower percentages of fungal dry weight were best demonstrated on inert bead 
packages in normal cutting fluid (containing monoethanolamine and 
triethanolamine) and nitrogen amended cutting fluid containing, glycine, urea and 
triethanolamine. 
Table S.ll 
Effects of various nitrogen sources and swarf/ surfaces on Fusarium solani in 
cutting fluid . 
. . . . 
· ..  . . . . . 
. . : : . 
:. .. 
. : : ... : .. 
· . ' . ' . 
· .: . . . 
. " . . : :: . : 
. . 
. . . 
. : ',' . : : : :' : : : .. 
. : : .. 
. . . 
· . . . 
· . . . ' . · . .  . 
.. . .. 
. . . . . 
. . 
: . : : :' 
N-free 0.41 (0.07) 1.56 (0.30) 
N03" 1.04 (0.12) 2.69 (0.22) 
Glycine 2.54 (0.80) 5.97 (0.18) 
TEA 1.59 (0.24) 3.35 (0.50) 
Urea 1.81 (0.21) 4.43 (0.15) 
Cutting Fl. 2.98 (0.65) 7.95 (0.54) 
. . . 
. . . 
. " : .. 
· . .. .. 
· : .. : . . 
. .. 
. . .. ' . 
. . ,'.'.,',' 
: " :' : : . .; . 
. :,' . " 
. . : . . 
· . 
: :;: :: . 
" : . : : " 
92.3 
96.3 
82.1 
73.1 
92.1 
70.6 
" . : . : 
. . . .. 
. : : : .; .. 
. : : . :: :: . ;. : . 
:: :: : : : : 
.: ' : '::::.: 
0.81 (0.39) 
1.77 (0.12) 
3.06 (0.98) 
2.29 (0.60) 
2.37 (0.64) 
5.90 (0.46) 
: . : :' . ;. : . 
. .. . 
: .: :: . 
-: " " 
91.2 
58.7 
45.1 
57.7 
64.4 
51.0 
Figures in parentheses are standard deviations of three replicates after 14 days. 
(I) Standard AI:Fe swarf sack in cutting fluid. 
(2) Sack of inert alumina beads in cutting fluid. 
TEA Triethanolamine. 
Cutting Fl. Normal cutting fluid containing no amended nitrogen. 
(.) Nitrogen-free (yeast extract-free) cutting fluid formulation amended with 
appropriate nitrogen source corresponding to quantity of nitrogen in normal 
cutting fluid brand supplemented with 0.1 % yeast extract. 
Swarf packages in normal cutting fluid, and nitrogen amended cutting fluid 
containing, triethanolamine and glycine, supported low percentages of attached 
biomass. However, contrary to the general trend, nitrate appeared to reduce 
surface biomass on inert bead packages. 
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In all cases the surface associated biomass was lower with inert beads than 
swarf, possibly reflecting the reduction in total dry weight with inert beads, in 
addition to adhesion characteristics of the surface. The highest surface dry weight 
percentages were best demonstrated with nitrate (swarf only), nitrogen-free and 
urea (swarf only). The results offer sufficient evidence that organic nitrogen 
amended cutting fluid is more able to reduce surface fungal biofilm levels in 
simple laboratory experiments. The reduced levels of biofilm in the presence of 
triethanolamine is also reflected in the low levels of biofilm in normal cutting 
fluid in which triethanolamine is a significant component. 
Although swarf, surfaces and other factors such as nitrogen source have been 
demonstrated to have an effect on the physiology of Fusarium solani, the 
phenomena require further investigation to elucidate relationships between the 
factors. This has been fulfilled, in part, by investigating in more detail the effects 
of metal ions on the physiology of Fusarium solani, in section 5.4. 
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5.4 EFFECT OF METAL IONS ON THE PHYSIOLOGY OF 
FUSARIUM SOLANI. 
The possible effect of swarf on fungal physiology was investigated further 
by testing the effects of individual metal ions on Fusarium solani. Comparisons 
were made between fungal behaviour in laboratory culture media and cutting 
fluid, where detailed study of metabolite production and toxigenicity of culture 
extracts was also evaluated. Furthermore, the different pH of the two media used 
in experiments offered a method of testing metal ion toxicity at different pH 
values. 
5.4.1 Method 
All experiments were performed in GPY medium (PH 5.2), BNMG (PH 8.2) 
or biocide-free cutting fluid (PH 8.6) unless otherwise stated, and incubated under 
standard conditions for the appropriate medium (2.2.1, culture media; 2.3.2, 
cutting fluid). 0.25 M stock solutions of metal salts were prepared in Milli-Q de-
ionised water and filter sterilised through 0.2 urn pore Minisart filters, before 
aliquoting into culture media or cutting fluid to give an appropriate final 
concentration. 
The effect of pH and metal ions were investigated in buffered GPY media 
containing Sorensens phosphate buffer at pH 8.2 (see chapter 6). 
5.4.2 Results 
In physiological tests, the most important metals associated with the cutting 
fluid industry (AI, Ca, Cu, Fe & Mg) were studied in culture medium and cutting 
fluid. Other metals potentially important in the metalworking industry, such as 
those associated with impurities in the main industrial materials (Mn, Pb, Ni, Ti 
& Zn) were studied in culture media whereas other common metals, although less 
directly important in this study (Co & Cr) were investigated in culture media at 
only limited concentrations. 
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5.4.2.1 Aluminium 
In GPY culture, A13+ was found to be relatively toxic to fungal growth where 
a concentration of 1mM was sufficient for growth inhibition (table 5.12, figure 
5.11). In cutting fluid, AI3+ was not inhibitory to fungal growth at any of the 
concentrations tested and an increase in dry weight was associated with higher 
A13+ concentrations. The effect of high pH on fungal physiology was tested in 
buffered culture medium (chapter 6) at pH 8, and dry weight values were 
comparable to fungal material from cutting fluid (table 5.12). The high dry 
weight associated with 10mM A13+ in cutting fluid is possibly attributable to 
interference of cutting fluid constituents and formation of an aluminium soap (pg 
149). 
Similar extract yields were obtained with both culture media tested and 
extract yield in both cases was found to be highest at 1mM AI3+ (table 5.13), 
corresponding to the minimum AI3+ concentration for growth inhibition. Low 
extract yields were associated with low levels of dry weight. With both culture 
media tested, specific yields were also highest at 1 mM, although specific yield 
values in GPY medium were higher than those in BNMG by a factor of 
approximately 15 at A13+ concentrations exceeding 1 mM (table 5.13). Extracts 
from GPY cultures were pigmented, whereas BNMG culture extracts were 
virtually non-pigmented, strongly suggesting a relationship between low pH and 
pigment production. Minimum extract toxicity to Vero cells was 25 ug/ml (data 
not shown) and thin layer chromatography revealed stronger band colouring 
associated with the greater yields with GPY medium. The extract yields obtained 
from BNMG culture are attributed to other extractable, non-toxic fungal 
materials. 
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Table 5.12 
Effect of A13+ on Fusarium solani growth, in culture media and cutting fluid. 
: : : : : : : : : : : : :tt: : " : : : : : : i~i ' : ':';' : : ;ii ,:::,' : : : : ,:::,: " : : ~?i :<ip, ~hlftJ ii' : : ::::,:: : : : : : :-:':-: : : 
: 
: : : : : : : : : : : : ~j :: : : : )::, 
,,:,/:::'::!:: 
:ri :v ;~ j~ : : : :ry~ , ~~ : : : : : ;7', : : :;;:::::;':;;' : : : : ,:,,;,: ;{ : : : : : : : : [i! ;':;:;::':;;' : : : : : : : : : : : 
0.0 5.19 (0.40) 3.60 11.20 (4.32) 6.77 5.01 (0.25) 8.08 
0.5 2.41 (0.36) 3.08 9.67 (1.32) 6.21 4.52 (0.65) 8.01 
1.0 0.45 (0.12) 3.41 8.93 (2.21) 6.11 5.38 (0.16) 8.91 
2.0 0.53 (0.20) 3.09 9.29 (4.64) 6.36 6.51 (0.34) 8.88 
5.0 0.25 (0.08) 2.93 6.76 (1.67) 6.20 7.09 (0.80) 7.61 
10.0 0.29 (0.02) 2.74 8.81 (0.34) 5.41 10.82 (6.2)! 5.83 
Figures in parentheses are standard deviations of three replicates after 9 days 
(GPY & BNMG) and 14 days (cutting fluid). 
I Cutting fluid phases separated. Unable to remove oil in dry weight determination. 
• BNMG medium is described in chapter 6. Initial pH 8.2. 
Aluminium ions supplied as AICI3.6H20. 
Table 5.13 
Effect of A13+ on extractable metabolite production by Fusarium solani in culture 
medium. 
. . . . 
" : . : . 
. : . . . 
~ : ' . : : : 
. . . : : . 
. . . . 
. . .. 
. : . . . 
. . : ~ : . . . 
0.0 
0.5 
1.0 
2.0 
5.0 
10.0 
, , " ': : : : ' ': : : :::::, ;, : 
. . : :, .; . .. ' . :. : " ';. : " : ; .. 
: ' 
.. " , : . : ,,;: .; : . . " . :. : ',:' : .;', ;. 
: .: ' .: ', " .. " 
: : ; . 
.. . : '. ',' 
',:; ; : ',:::: ' 
;: . : ;: : . , . 
45.5 8.8 
35.2 14.6 
51.1 113.6 
14.5 27.4 
12.8 51.2 
15.5 53.4 
I Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
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Figure 5.11 
D~ we~~t of Fusarium solani in culture medium and cutting fluid supplemented 
with Al ,after 9 days (GPY & BNMG) and 14 days (cutting fluid). 
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Vertical bars on plots correspond to range of values obtained in three replicates. 
5.4.2.2 Calcium 
In both culture medium and cutting fluid, Ca2+ was associated with no 
decrease in dry weight of Fusarium solani (table 5.14, figure 5.12), and although 
Ca2+ was slightly stimulatory to growth at 2 mM, biomass levels in GPY 
medium were uniform throughout the range of Ca2+ concentrations tested (figure 
5.10). A dramatic increase in apparent dry weight was associated with cutting 
fluid supplemented with Ca2+ concentrations exceeding 2 mM, probably 
attributable to oil constituent interference in dry weight determinations. 
There was little variation in extract yield and specific yield at the Ca2+ 
concentrations tested, although slightly higher yields were associated with the 
unsupplemented control. 
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Table 5.14 
Effect of Ca2+ on Fusarium solani physiology in culture media and cutting fluid 
after 9 days (GPY) and 14 days (cutting fluid). 
: 
: : : 
: : : : .. : 
: : : : : : ~;~i : : : . ~:: : : 
.. : : : : : : 
: : : : : : : : : : : : 
: 
: 
: : 
: : 
: 
: : : 
0.0 3.96 (0.52) 3.59 65.2 16.5 5.29 (0.21) 
) 
0.5 4.09 (0.20) 3.37 39.4 9.6 5.51 (0.18) 
1.0 4.40 (0.29) 3.35 35.7 8.1 6.91 (0.57) 
2.0 4.89 (0.14) 3.35 34.2 7.0 7.61 (0.29)! 
5.0 4.47 (0.25) 3.13 36.2 8.1 12.28 (2.1)! 
10.0 4.64 (0.25) 2.94 31.6 6.8 19.82 (2.2)! 
Figures in parentheses are standard deviations of three replicates. 
! Cutting fluid phases separated, unable to remove oil in dry weight determination. 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Calcium ions supplied as CaCI2.2H20. 
Figure 5.12 
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5.4.2.3 Chromium 
At the concentrations tested, cr3+ demonstrated moderate inhibitory effect on 
fungal growth (table 5.14, figure 5.13) and although tests were not performed 
above 2 mM, it is likely that an extrapolated dose dependent inhibitory 
relationship would suggest that the minimum inhibitory dose may be between 5-10 
mM Cr3+. 
Both maximum extract yield and specific yield values occurred at 1 mM 
where pigmentation was strongest. 
Table 5.15 
Effect of Cr3+ on Fusarium solani physiology in culture medium (GPY) after 9 
days. 
. . :. : ~: ~' r 
": : 
:, ,':. 
ii 
.::..' ... 
0.0 
0.4 
1.0 
2.0 
;:::.: : : : ;::: . 
;: 
. " : . 
: ~~ : ~ : 
5.94 (0.40) 
4.49 (0.23) 
3.49 (0.29) 
1.61 (1.42) 
169.2 28.5 
139.5 31.1 
168.1 48.2 
62.5 38.8 
Figures in parentheses are standard deviations of three replicates. 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Chromium ions supplied as CrK(SO.Jz.12HzO. 
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Figure 5.13 
g~~~h of Fusarium solani after 9 days in GPY medium supplemented with 
-- Dry wei~ht 
7~----------____________________ ~ 
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5.4.2.4 Cobalt 
0040 0.80 120 1.60 2.00 
O1romlLm (III) concentration (mM) 
The level of C02+ to inhibit growth of Fusarium solani followed a dose 
dependent relationship where the minimum inhibitory dose was 6.3 mM (table 
5.16, figure 5.14). 
Extract yield was highest at 1.2 mM Co2 + , which was comparable to the 
un supplemented control. C02+ concentrations exceeding 1.2 mM had a slightly 
inhibitory effect on extractable metabolite production, and the effect was strongest 
at 3.1 mM C02+ (table 5.16). The most vivid pigmentation was associated with 
the highest extract yield and specific yield values appeared to be inversely 
proportional to dry weight but the apparent high specific yield value at 6.3 mM 
C02+ is most likely attributable to interference by extractable medium 
constituents not utilised by the mould. 
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Table 5.16 
Effect of Co2+ on Fusarium solani physiology in culture medium (GPy) after 9 
days. 
: ' .. : : :' " :. . . 
: . . 
: . . . . . 
: : 
: : . . . . 
. . 
. . . . 
: 
. ' . 
. . . . . . . . : . .. 
. . 
.. : 
0.0 5.56 (0.17) 107.1 19.3 
1.2 2.68 (0.55) 107.1 40.4 
3.1 0.81 (0.27) ) 35.7 44.1 
6.3 0.19 (0.07) 64.3 338.4 
Figures in parentheses are standard deviations of three replicates. 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Figure 5.14 
. . 
.. 
.. 
Growth of Fusarium solani after 9 days in culture media supplemented with 
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5.4.2.5 Copper 
In GPY culture medium, 1 mM Cu2+ was sufficient to inhibit fungal 
growth whereas growth was evident at 10 mM Cu2+ in elevated pH buffered 
culture media or cutting fluid (table 5.17, figure 5.15). However, in cutting 
fluid and BNMG media a reduction in fungal dry weight between 1-2 mM 
Cu2+ coincided with the minimum inhibitory Cu2+ dose in GPY medium. Cu2+ 
was slightly stimulatory to fungal growth in cutting fluid at 5 mM Cu2+ and 
BNMG medium at 0.5 mM Cu2+. 
With both GPY and BNMG medium, extract yield decreased with 
increasing Cu2+ concentration (table 5.18), also coinciding with decreasing 
culture pH and increasing dry weight (table 5.17) and maximum extract yield 
occurred with 0.5 mM Cu2+ in GPY but not with BNMG. Specific yield was 
highest at 2mM Cu2+ in GPY with lower levels below and above this 
concentration of Cu2+ • 
Table 5.17 
Effect of Cu2+ on Fusarium solani growth in culture media and cutting fluid. 
: : : : : : : ::::,::::. : : : : : : : : : : : : : : : : : : : : : : : : h : : : : : : : : : : : : : : : : : : : : : : : : 
: : : : 
: 
: : : : : : : : : : : : : : : 
: : : : : : : : 
: : 
:- ro~t : : : : : : :::::;: : : : : : : 
: : : ;: : : : : : : : : : ,'. 
0.0 5.19 (0.40) 3.60 11.20 (4.32) 6.77 5.01 (0.25) 8.08 
0.5 2.38 (1.17) 3.84 13.61 (1.24) 7. 18 5.09 (0.33) 8.08 
1.0 0.42 (0.04) 4.03 12.63 (2.09) 7.19 5.37 (0.20) 8.05 
2.0 0.38 (0.06) 3.75 6.61 (1.92) 7.11 4.63 (1.07) 7.87 
5.0 0.31 (0.05) 3.45 5.24 (1.32) 6.80 7.34 (0.89) 7.36 
10.0 0.30 (0.04) 3.27 3.32 (1.50) 6.75 3.13 (0.24) 7.45 
Numbers in parentheses are standard deviations of three replicates. 
• BNMG medium is described in chapter 6. Initial pH 8.2. 
Copper ions suplied as CuSO 4.71120. 
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Table 5.18 
Effect of Cu2 + on extractable metabolite production by Fusarium solani in 
culture media. 
: 
0.0 45.5 8.8 
0.5 47.3 19.9) 
1.0 22.2 52.9 
2.0 22.4 58.9 
5.0 14.1 45.5 
10.0 6.9 23.0 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Figure 5.15 
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5.4.2.6 Iron 
Both Fe2+ and Fe3+ were less-inhibitory to Fusarium solani in GPY medium 
compared with cutting fluid (tables 5.19 & 5.20, figure 5.16), suggesting low 
substrate pH enhances iron toxicity. In GPY culture medium, Fe3+ was slightly 
more inhibitory to Fusarium solani than Fe2+, the minimum inhibitory doses 
being 5 mM (Fe2+) and 2 mM (Fe3+). However, Fe3+ was stimulatory to fungal 
growth in cutting fluid at 5 mM and dry weight at 10 mM (Fe2+) was comparable 
to levels associated with the un supplemented cutting fluid control (figure 5.16). 
Fe3+ was apparently a major stimulant to growth in cutting fluid with an 
unrealistic dry weight value at 10 mM (table 5.20). By qualitative observation, 
levels of biomass in cutting fluid experiments supplemented with 10 mM Fe3+ 
were comparable with biomass in cutting fluid at lower Fe3+ concentrations 
tested, and the excessively high dry weight value can be attributed to cutting fluid 
material interference. 
Extract yield values between Fe2+ and Fe3+ were similar and the maximum 
in both cases was at 1 mM. Maximum specific yield in culture media with Fe2+ 
was associated with 10mM ion concentration (table 5.19) with a dose dependant 
relationship where specific yield increased at an almost proportional level up to 
Fe2+ concentrations of 5 mM, although the increase between 5 mM and 10 mM 
Fe2+ was only small. A similar relationship occurred with Fe3+, although the 
pattern was less well defined than with Fe2+. The maximum specific yield with 
Fe3+ was 5 mM (table 5.20) and a slight decrease occurred at 10 mM Fe3+. A 
relationship between decreasing dry weight and increasing specific yield was 
clearly demonstrated with both Fe2+ and Fe3+. 
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Table 5.19 
Effect of Fe2+ on Fusarium solani physiology in culture media and cutting flu id. 
: : : . : : : : ':.::.::: 
· ' . ' 
. . 
. .. 
· .. : . . . : 
· .. . . . : : . : . . . . : : 
: . . . ' : . 
0.0 
0.5 
1.0 
2.0 
5.0 
10.0 
: : ': : . : ;': : : . . ; . ' ;. " 
: . : . : " .. ::: 
. . . . . 
. ... . . . . :' ,: : :' . ~ : : : 
5.19 (0.40) 3.60 
3.19 (0.92) 3.03 
3.15 (0.25) 2.96 
1.97 (0.65) 3.06 
0.41 (0.11) 3. 13 
0.60 (0.16) 3.03 
.: : . . : : '; .; . :-
. : . . 
. " ; .. 
. ~ :: : . 
. .' ~. ~ ;: 
... : : : . .', ,': 
: ;: . 
" : : : .: . 
45.5 8.8 
38.5 12.7 
56.0 17.8 
52.2 34.1 
26 .1 63.7 
43.1 71.8 
Iron (II) ions supplied as FeS04.7HzO. 
Table 5.20 
, , .. ~ ;.: ;~ML :! i: i,i,;" 
,:: .,,:':.: .. ': t1'{t 
: : . :' ... 
: : ;: 
.; " : : 
:. : : : 
5.01 (0.25) 8.08 
3.81 (0.14) 8.06 
3.83 (0.39) 8.03 
4.13 (0.39) 7.98 
4.87 (0.17) 7.70 
3.58 (0.66) 7.00 
Effect of Fe3+ on Fusarium solani physiology in culture media and cutting fluid . 
. " , : ' : : : 
· :: : : .: : 
. ' :".: ,' 
· : : 
. , : : ~. ': ' .. ':, i;:' ..... : ';: ·.f,; '.' .. 
.: , '. I ( : :~~. . ' !.I. ' ~: . .,: :' 
: ;' :: :. :: ,: ,: : ,., , .. : ~ .: [(iffl~il' :! ;,:: "~ :'.~ 
. : " ... : .: .. 
. ;. " 
: .: :-:; 
· . . . . . . 
. . . . . 
· . . . . . . . . 
· . .  
: : :: .' 
" : : . . 
:' : ~ :; . ~ ~ ~ : : . 
. .. 
. . . 
0.0 3.83 (0.13) 2.93 48.6 12.7 
0.5 3.83 (0.28) 3.09 44.4 11.6 
1.0 3.66 (0.60) 2.82 53.8 14.7 
2.0 0.49 (0.07) 2.61 23.1 47.1 
5.0 0.33 (0.02) 2.06 27.1 82.4 
10.0 0.29 (0.03) 1.72 21.7 74.8 
Iron (III) ions supplied as FeCI3• 
For tables 5.19 and 5.20 
" :. .. . ' . " : :. 
" ;' ,: .: .: " . .: . 
:. ; .. 
: :- . 
. " :; " . 
. . :. : 
.: : ;: .; 
: : .. 
. . . 
:: :: ~: 
. ~: ~; ~: ~: 
: : .: .; : 
" ;: :: 
5.29 (0.21) 8.10 
5.83 (0.22) 8.09 
6.43 (0.43) 8.12 
6.56 (0.27) 7.89 
7.10(0.94) 7.52 
17.74 (3.2)! 6.63 
Figures in parentheses are standard deviations of three replicates after 9 days 
(GPY) and 14 days (cutting fluid). 
Cutting fluid phases separated. Unable to remove oil on dry weight 
determination. 
1 Quantity of extractable material from 1 L medium. 
2 Quantity of extractable material from 1 g medium. 
133 
Figure 5.16 
Growth of Fusarium solani in culture media and cutting fluid supplemented with 
Fe2+ and Fe3+ after 9 days (GPY) and 14 days (cutting fluid). 
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5.4.2.7 Mai!nesium 
Mg2+ was non-inhibitory to Fusarium solani in GPY medium and only 
slightly inhibitory in cutting fluid at 0.5-1 mM (table 5.21, figure 5.17) where 
fungal dry weight at 10 mM Mg2+ was comparable with weight at 1 mM Mg2+. 
In GPY medium an increase in fungal dry weight from levels associated with the 
un supplemented control occurred at 1 mM Mg2+. In cutting fluid a large increase 
in apparent fungal dry weight occurred at concentrations tested exceeding 2 mM 
Mg2 + . This increase was attributable to interference of oil materials from cutting 
fluid where oil and scum could not be separated from the fungal material. 
Qualitative levels of fungal material, in cutting fluid supplemented with 10 mM 
Mg2+ were comparable with levels in un supplemented cutting fluid, 
demonstrating that Fusarium solani behaves in a similar manner with Mg2+ in 
both substrates. 
Highest extract yield was supported by 10 mM Mg2+, although a similar 
level occurred with 2 mM Mg2+ (table 5.21), and variation amongst values 
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obtained at each ion concentration tested were not large. Specific yield values 
were also similar at all the concentrations tested, although levels were highest at 
2 mM and 10 mM Mg2+. The minimum extract yield and specific yield were 
associated with 1 mM Mg2+. 
Table 5.21 
Effect of Mg2+ on Fusarium solani physiology in cutting fluid and GPY, after 14 
days and 9 days respectively. 
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5.21 (0.36) 4.14 
5.73 (0.25) 3.14 
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5.29 (0.21) 8.10 
4.33 (0.81) 7.98 
3.53 (0.30) 7.97 
6.11 (0.38) 8.05 
14.51 (1.6)' 7.89 
13.58 (0.7)' 7.84 
Figures in parentheses are standard deviations of three replicates. 
Cutting fluid phases separated, unable to remove oil in dry weight 
determination. 
1 Quantity of extract material from 1 L medium. 
1 Quantity of extract material from 1 g mould. 
Magnesium ions supplied as MgSO 4" 7H20" 
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Figure 5.17 
Growth of Fusarium solani in GPY and cutting fluid supplemented with Mg2 + . 
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5.4.2.8 Man2anese 
At all Mn2+ concentrations tested, there was no apparent inhibition of fungal 
growth (table 5.22, figure 5.18), demonstrating that Mn2+ is non-toxic to 
Fusarium solani in culture media. 
Maximum extract yield was associated with 1 mM Mn2+, although little 
variation in extract yield occurred at any of the Mn2+ concentrations tested. 
Specific yield values throughout the concentration range tested were similar 
although the highest level was with 1 mM2+. 
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Table 5.22 
Effect of Mn2+ on Fusarium solani physiology in GPY after 9 days. 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Manganese ions supplied as MnCI2.4H20. 
Figure 5.18 
Growth of Fusarium solani in GPY supplemented with Mn2+. 
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5.4.2.9 Nickel 
At 0.5 mM, NF+ was non-inhibitory to Fusarium solani in supplemented 
culture media, however a dose dependant relationship was demonstrated with 
increasing inhibition, and growth was completely inhibited at 2 mM Ni2+ (table 
5.23, figure 5.19). 
Highest extract yield occurred with 0.5 mM NF+, whereas the maximum 
specific yield was associated with 2 mM Ni2+. 
Table 5.23 
Effect of Ni2+ on Fusarium solani physiology in GPY after 9 days. 
: : : : : : : : : : : : : : : ': : : : : : : 
, ' 
: : : 
: : : : : : : : : : : : : : : : : : : : 
: : : : : : 
: : : : : ' , : : : : : : : 
0.0 4.49 (0.24) 3.30 47.9 10.7 
0.5 4.65 (0.65) 3.10 78.6 16.9 
1.0 2.77 (0.21) 2.97 61.6 22.2 
2.0 0.41 (0.08) 4.55 32.8 80.0 
5.0 0.47 (0.04) 4.35 30.3 64.5 
10.0 0.41 (0.04) 4.22 26.3 64.1 
Figures in parentheses are standard deviations of three replicates. 
1 Quantity of extract material from 1 L medium. 
1 Quantity of extract material from 1 g mould. 
Nickel ions were supplied as NiCI1.6H10. 
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Figure 5.19 
Growth of Fusarium solani in GPY supplemented with Ni2 + . 
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5.4.2.10 Lead 
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The lowest concentrations ofPb2+ tested (0.5 mM) were notably stimulatory 
to the growth of Fusarium solani (table 5.24, figure 5.20) although at 
concentrations exceeding 0.5 mM a dose dependant decrease in dry weight was 
evident up to concentrations of 5 mM Pb2 + . 
Maximum extract yield was associated with 2 mM Pb2+, although yields 
were generally high between 0.5mM and 2 mM Pb2+ with much lower yields 
above these concentrations. Maximum specific yield was associated with 10 mM 
Pb2+ and specific yield values also appeared to be dose dependant. Extracts from 
cultures supplemented with 0.5-2 mM Pb2+ were intensely pigmented. 
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Table 5.24 
Effect of Pb2 + on Fusariwn solan; physiology in GPY after 9 days. 
0.0 3.83 (0.13) 2.98 
0.5 6.24 (0.35) 2.83 
1.0 5.02 (0.10) 3.04 
2.0 2.70 (0.29) 3.02 
5.0 0.49 (0.08) 3.25 
10.0 0.41 (0.02) 3.03 
o 0 
0 .. 
48.6 
76.4 
140.9 
152.8 
29.0 
27.6 
o 0 0 
o 0 
: 
o 0 
.. : 
°tll 
12.7 
12.2 
28.1 
56.3 
59.2 
67.3 
Figures in parentheses are standard deviations of three replicates. 
1 Quantity of extractable material from 1 L medium. 
2 Quantity of extractable material from 1 g mould. 
Lead ions supplied as Pb(N03)2. 
Figure 5.20 
Growth of Fusarium solan; in GPY supplemented with pt7 + . 
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5.4.2.11 Titanium 
The minimum inhibitory dose of Ti3+ was found to be 5 mM (table 5.25 , 
figure 5.21), although dose dependant inhibition was evident at lower Ti3+ 
concentrations. 
Maximum extract yield was associated with 1 mM Te+, although yields 
showed little variation across the range of Ti3+ concentrations tested. Maximum 
specific yield was associated with 10 mM Te+ and the extract from media 
supplemented with 0.5 mM Te+ was strongly pigmented. 
Table 5.25 
Effect of Ti3+ on the physiology of Fusarium solani in GPY after 9 days. 
: : : : .. : : : : : : : : : : : : : : : : : : : : 
: : : : : : 
.: : : : : : 
: : : : : : : : : : : : : 
0.0 3.83 (0.13) 2.98 48.6 12.7 
0.5 3.33 (0.59) 2.84 52.6 15.8 
1.0 2.35 (0.08) 2.43 57.6 24.5 
2.0 0.83 (0.01) 2.07 35.7 43.0 
5.0 0.34 (0.06) 1.66 37.0 108.8 
10.0 0.26 (0.02) 1.29 38.2 146.9 
Figures in parentheses are standard deviations of three replicates. 
I Quantity of extract material from 1 L medium. 
1 Quantity of extract material from 1 g mould. 
Titanium ions were supplied as TiCI3• 
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Figure 5.21 
Growth of Fusarium solani in GPY supplemented with Ti3 + . 
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5.4.2.12 Zinc 
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A dose dependant growth relationship was demonstrated with Zn2 +, where 
the minimum inhibitory dose was 10 mM Zn2+, although levels of dry weight 
associated with 0.5-1 mM and 2-5 mM Zn2+ were similar (table 5.26, figure 
5.22). 
Very high extract yields were obtained in cultures with Zn2+ between 0.5 
mM and 2 mM. The maximum extract yield was associated with 1 mM Zn2 + and 
extracts from cultures supplemented with 0.5 to 2 mM Zn2+ demonstrated very 
intense pigmentation. Highest specific yield was associated with 1 mM Zn2+, 
corresponding to the maximum extract yield. 
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Table 5.26 
Effect of Zn2 + on Fusarium solani physiology in GPY after 9 days . 
. . . . . " . 
. . . . : : 
: . . . . . ?: 
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.. 
:s ill 1>. . : . . : . . . . " 
. . 
: 
. . : : . .: ::,:i . . 
. . 
. . . : . . 
: 
. . . . . : ~:::: . . . . . :~:::: 
0.0 3.83 (0.13) 2.98 48.6 12.7 
0.5 2.78 (0.46) 3.46 257.7 92.6 
1.0 2.61 (0.15) 3.48 285.7 109.5 
2.0 2.03 (0.15) 3.23 140.9 69.4 
5.0 1.67 (0.41) 3.54 51.1 30.6 
10.0 0.38 4.58 28.2 74.2 
Figures in parentheses are standard deviations of three replicates. 
1 Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
Zinc ions were supplied as ZnS04.7H20. 
Figure 5.22 
Growth of Fusarium solani in GPY supplemented with Zn2+. 
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5.4.2.13 Aluminium and iron combinations 
The decrease of dry weight associated with individual ions in this experiment 
(table 5.27) is comparable with results from previous work using AIH (table 
5.12) and Fe2+ (table 5.19) in GPY culture medium. The level of fungal growth 
inhibition with 0.5 mM Fe2+ was enhanced in the presence of A13+ at 
concentrations ranging from 0.5 mM to 2 mM, and a similar response was 
evident with combinations of 1 mM and 2 mM Fe2+ supplemented with 1-2 mM 
AP+. Conversely, AP+ inhibitory action was apparently reduced with 2 mM Fe2+ 
plus 1 mM and 2 mM A13+ (table 5.27). There is evidence from these results that 
a synergistic relationship may be operating between the two ions, where low Fe2+ 
concentration toxicity is enhanced by low A13+ concentrations, not shown to be 
inhibitory in metal ion experiments. Interestingly, low levels of these materials 
in experiments investigating dissolved swarf materials proved to be inhibitory to 
fungal growth. 
Extract yield was highest with 0.5 mM Fe2+, although previous work (table 
5.19) demonstrated 1 mM Fe2+ to support the maximum extract yield. The 
overall extract yield trends followed those of previous results. Maximum specific 
yield was supported by a mixture of 0.5 mM AIH / 2 mM Fe2+' and all other 
combinations tested resulted in low specific yield values. It was also apparent that 
low specific yield correlated well with low dry weight. 
5.4.3.14 Impurity metals associated with industrial aluminium 
The addition, to culture media, of trace levels of metal ions associated with 
impurity metals in industrial aluminium used in swarf experiments had no 
apparent effect on the dry weight of Fusarium solani (table 5.28) in comparison 
with A13+ (table 5.12), although extract yield and specific yield obtained were 
slightly different between the two experiments. Maximum extract yield was 
associated with 1 mM A13+ in previous work (table 5.13), whereas 0.5 mM of the 
mixed ion supplement supported the maximum extract yield in this experiment 
(table 5.28). Specific yield values in this experiment are notably lower than the 
values associated with pure AP+ (table 5.13), especially at 1 mM concentration. 
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Table 5.27 
Effect of A13+ and Fe2+ combinations on the physiology of Fusarium solani in 
GPY after 9 days. 
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6.39 (0.47) 2.32 (0.31) 
57.6 39.1 
9.0 16.9 
4.77 (0.40) 2.01 (0.58) 
70.5 23.4 
14.8 11.6 
4.49 (0.18) 0.88 (0.26) 
49.3 8.4 
11.0 9.5 
2.41 (0.42) 0.45 (0.08) 
44.8 32.0 
18.6 71.1 
. . . . 
. " . : . 
. . 
. . 
0.40 (0.12) 
24.2 
60.5 
0.85 (0.04) 
14.9 
17.5 
0.79 (0.12) 
23.4 
29.6 
0.91 (0.14) 
20.2 
22.1 
Figures in parentheses are standard deviations of three replicates. 
Dry weight (gIL) shown in normal typescript. 
Extract yield shown in italics. 
Specific yield shown in bold typescript. 
Table 5.28 
: : : ~. ~ ; ~ ;. :. :. :. 
0.65 (0.07) 
23.8 
36.6 
0.87 (0.08) 
15.2 
17.5 
0.73 (0.16) 
17.5 
24.2 
0.79 (0.12) 
24.6 
31.1 
Effect of impurity metals associated with industrial aluminium, on the physiology 
of Fusarium solani in GPY culture medium after 9 days. 
: ::::::: : : : : : : : 
: : 
: : : : : : 
: : : : : 
: 
: 
::::;: : : : : : : : : : 
: 
: 
: 
: : : : : : : : : : : : : : 
0.0 4.83 (0.45) 85.7 17.7 
0.5 2.63 (0.47) 35.7 13.6 
1.0 0.75 (0.06) 14.5 19.3 
2.0 0.55 (0.12) 20.0 36.4 
5.0 0.49 (0.07) 15.6 31.8 
10.0 0.54 (0.02) 23.8 44.1 
* Metal ion concentrations used were derived from composition data of industrial aluminium, 
assuming each component dissolves in solution corresponding to composition in metal. 
Composition: AI 98.2 %; CuO.l %; MgO.6 %; FeO.5%; MnO.3%; ZnO.l%; PbO.l%; 
Si, Ti and Sn were present in trace quantities. Metal ions were supplied from salt 
stock solutions used previously (5.4.2.1 to 5.4.2.12). 
Extract yield - quantity of extract material from 1 L medium. 
Specific yield - quantity of extract material from 1 g mould. 
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Although levels of trace elements are very low and appear to have little effect on 
fungal growth, the changes in extractable metabolite production in comparison 
with pure AI3+ may be attributed to the trace elements. 
5.4.2.15 Anions 
Because the metal ion experiments were carried out using a variety of salts, 
it was considered necessary to confirm that the anions were not influencing the 
results. 
Anion concentrations were tested corresponding to those used in metal ion 
experiments. CI- and SOl- had no apparent effect on dry weight (table 5.29), 
whereas an increase of N03- concentration was associated with an increase in 
fungal dry weight. Results using N03- in metal salts are therefore affected by this 
anion as the presence of any excess nitrogen in nitrogen-limited media (GPY; 
C:N ratio 93: 1) is likely to have a stimulatory effect on growth. 
Table 5.29 
Effect of anions, used in experiments using metal salts, on Fusarium solani 
physiology in culture media. 
: : : : : : : : : : :,:,:::: : : : : : : : : : 
: 
: .. : : : : : : : : ::::::: : : : : : 
: : : : : : : 
: ::::, 
: 
: 
: : : : : : : ~~~. : : : :::~ : : 
Control - 4.71 (0.42) 72.5 15.4 
Ct- 10.0 4.71 (0.70) 70.9 15.1 
CI- 20.0 5.15 (0.20) 82.8 16.1 
CI- 30.0 5.08 (0.48) 77.9 15.3 
N03- 5.0 6.48 (0.54) 22.9 3.5 
N03- 10.0 7.70 (0.54) 19.6 2.5 
N03- 20.0 8.60 (2.34) 40.8 4.7 
S04 2- 5.0 5.39 (0.29) 50.7 9.4 
S04 2- 10.0 5.26 (0.31) 50.0 9.5 
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Experiments using N03- as an anion included C02+ and Pb2+ where there was 
no increase of dry weight associated with N03-levels found to be stimulatory (> 
5 mM N03-, corresponding to concentrations of > 6.3 mM C02+ and > 2 mM 
Pb2+). It is therefore unlikely that the stimulatory effect of Pb2+ at 0.5-1.0 mM 
is attributable to the interference of N03-. 
CI- and SOl- had no apparent effect on extract yield or specific yield at 
concentrations tested, although N03- was associated with both lower extract yield 
and specific yield than the un supplemented control or with CI- and S042-. 
Table 5.30 
Summary of metal ion toxicity to Fusarium solani in GPY medium, illustrating 
minimum inhibitory dose (M.I.D.) and 50% growth inhibition values. 
: : 
: 
: : 
: 
: 
: : 
A13+ 
CaH 
CoH 
C .... H 
Cu2+ 
Fe2+ 
Fe3+ 
MgH 
MnH 
NiH 
PbH 
Ti3+ 
ZnH 
,", .. . . . : . 
: : : . : : : ~ : . .' . . ... 
: : : " 
. : : : .: 
: : : 
. . " . 
. : . : . . 
: . 
1.0 
> 10.0 
3.1 
>2.0 
1.0 
5.0 
2.0 
> 10.0 
> 10.0 
2.0 
5.0 
2.0 
10.0 
,: : " 
: : : : .. 
: : .: : : " 
: : : 
. . " 
:' ,: :' : '; : : .: 
0.6 
> 10.0 
1.2 
1.8 
0.6 
1.5 
1.6 
> 10.0 
> 10.0 
1.3 
3.0 
1.4 
4.0 
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5.4.3 Discussion 
Out of the 12 metal ions tested, only three, Ca2+, Mg2+ and Mn2+, had little 
or no effect on growth at the concentrations used. The higher levels of dry weight 
from GPY culture media supplemented with these metal ions was associated with 
low specific yields (15 mg/g) and moderate extract yields (40-60 mg/L) 
comparable to control values. Although Bennett (1972) reported Mg2+ to be more 
stimulatory to fungal growth than Ca2+ , results from this project indicate that both 
ions have a very similar effect on the growth of Fusarium solani. Work by 
Bennett (1972) used a consortium of cutting fluid fungi, where overall response 
to environmental stimuli is likely to differ to those of a single organism. Results 
with Mn2+ agree well with those of Gaur & Agnihotri (1982) where 
concentrations tested (up to 1 mM) were stimulatory to Fusarium solani growth. 
The extract yield with all three of these cations was sufficient for the 
qualitative detection of pigments, and TLC plates revealed similar band intensities 
and patterns, demonstrating that these ions had little overall effect on 
naphthoquinone biosynthesis. Although extract yield values from un supplemented 
controls compare favourably with values from Mg2+ and Mn2+ supplemented 
GPY media at all concentrations tested, a slightly lower extract yield was 
associated with Ca2+ suggesting a possible inhibitory effect on extractable 
secondary metabolite production by Ca2+. 
In experiments investigating growth of Fusarium solani in cutting fluid 
supplemented with Ca2+ and Mg2+, it was revealed that both ions supported and 
appeared to be stimulatory to growth at the highest ion concentrations tested. 
However, with Ca2+ and Mg2+, and additionally Ae+ and Fe3+, the fungal dry 
weight from flasks supplemented with 5-10 mM (and 2 mM with Ca2+) metal ions 
was unrealistically high. These high concentrations of metal salt in cutting fluid 
caused phase separation and, in addition to difficulties in removing oil from filter 
papers during dry weight determinations, a dense network of fungal hyphae, oil 
and scum formed in flasks, in which it was difficult to remove the oil by 
treatment with isopropanol or hexane. Although dry weight values in cutting fluid 
supplemented by cations at higher concentrations are of little use in determining 
biomass, appearence of cutting fluid and fungal material was a useful indication 
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of the level of fungal growth. Appearance of fungal material in cutting fluid with 
C 2+ d M 2+ ' eed' a an g concentratIOns exc mg 2 mM compared well with the 
appearance of material at lower concentrations and un supplemented controls. 
The other nine metal ions tested in GPY had varying levels of toxicity to 
Fusarium solani. The metal ions have been divided into two groups based on 
toxicity where minimum inhibitory dose values (table 5.30) of the first group of 
ions are < 2 mM and the second group, 2-10 mM. Ions with minimum inhibitory 
doses < 2 mM include A13+ & Cu2+ (1 mM) and Fe3+, Ni2+ & TP+ (2 mM) and 
ions with minimum inhibitory doses between 2-10 mM include C~+ (> 2 mM); 
C02+ (3.1 mM), Fe2+ (5mM), Pb2+ (5mM) & Zn2+ (10 mM). However, 
Fusarium solani in AI3+ supplemented cutting fluid in comparison with GPY 
medium, behaved very differently, with no inhibition of growth, even at 10 mM 
AI3+. The unrealistically high fungal dry weight values with 10 mM A13+ in 
cutting fluid can be attributed to oil interference as already described, although 
in addition, the acidic nature of the salt used (AICI3.6H20) promotes cutting fluid 
splitting further leading to greater quantities of oil affecting dry weight 
determinations. As there was little difference between fungal material in cutting 
fluid supplemented with 10 mM AI3+ and the un supplemented control, it is 
evident that A13+ is rendered less inhibitory to Fusarium solani growth in cutting 
fluid at otherwise inhibitory concentrations in culture media. The reduction in 
AP+ toxicity in cutting fluid may be accounted for by saponification of AP+ with 
vegetable oils in the coolant to form aluminium soaps (Rossmoore, 1986), 
therefore limiting the levels of available AI3+, However, AI3+ may be 
precipitating at the elevated cutting fluid pH resulting in the formation of 
insoluble hydroxides, possibly also interfering with dry weight measurements. An 
experiment using BNMG culture medium at cutting fluid pH (medium initial pH 
8.2), supplemented with AI3+, supported the hypothesis that pH was indeed 
responsible for having a major role in reducing AI3+ toxicity, hence Fusarium 
solani growth in cutting fluid containing A13+ can be attributed, in part, to the 
role of pH. The role of aluminium in cutting fluid is important, where many if 
not all of the metal-working practices used today involve aluminium workpieces. 
The solublisation of aluminium and formation of ions and complexes in the 
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cutting fluid are likely to have some effect on the microorganisms present. 
Although other fungal species cohabiting with Fusarium solani, in cutting fluid 
may behave differently in the presence of Al3+, the ion at concentrations tested 
is not inhibitory to Fusarium solani in cutting fluid. Furthermore, although not 
studied, the formation of aluminium soaps may promote further loss of coolant 
bioresistance in an industrial situation, rendering the coolant unsuitable for use. 
It must be recognised that in addition to AI3+, other aluminium species may exist 
in cutting fluid and have effects on fungal populations not yet understood. 
However, the effect of corrosion inhibitors in cutting fluid decrease metal 
solublisation and cation concentration, possibly leading to increased fungal growth 
if sufficiently high concentrations of potentially inhibitory metal ions are not 
reached. Such behaviour may have been responsible in aluminium swarf treated 
water used in cutting fluid preparation in a previous experiment (table 5.10) 
where the corrosion inhibitor was only present after the metal had solubilised. 
The coolant was unable to support growth of Fusarium solani, possibly 
attributable to A13+ concentrations exceeding 10 mM, or the formation of a 
chemical complex which was toxic. 
Industrial aluminium, such as that used in swarf experiments, contains traces 
of elements as impurities. Testing Fusarium solani in media supplemented with 
such elements as cations at concentrations corresponding to levels found in 
industrial aluminium, revealed little difference from testing pure AI3+. Although 
this experiment was performed in culture medium, it is likely that the presence 
of dissolved trace elements at concentrations corresponding to the composition of 
the industrial material probably has little or no effect on fungal physiology in 
cutting fluid. It must be recognised that in an industrial situation, one or more of 
the trace elements may dissolve at a concentration not in proportion to the 
composition as already indicated (table 5.28),resulting in possible changes in 
fungal physiology. 
Cu2+ behaved in a similar manner to AI3+, although there were no problems 
with oil interference in dry weight determination in cutting fluid experiments. 
Cu2+ was toxic to Fusarium solani in GPY, although non-toxic in cutting fluid at 
the concentrations tested, suggesting the role of pH resulting in insoluble copper 
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species or complexes leading to Cu unavailability to the organism. In BNMG 
medium at cutting fluid pH, there was initially a dose dependant relationship, and 
at 10 mM Cu2+ fungal dry weight was comparable with values obtained in cutting 
fluid supplemented with 10 mM Cu2+. High pH therefore also reduces Cu2+ 
toxicity to Fusarium solani, although in cutting fluid at concentrations exceeding 
10 mM, it is likely that fungal growth is inhibited further. Cu2+ has been 
previously reported as a toxic cation to Fusarium solani (Somashekar & Sreenath, 
1988) and results obtained with Fusarium solani ISL-45 favour inhibition levels 
evident in cutting fluid and BNMG medium. However, Cu2+ in GPY was more 
inhibitory to growth than published data probably due to low pH. 
The responses of Fusarium solani to C02+, Fe3+, Pb2+ and TP+ were similar 
although an increase of fungal dry weight was associated with Pb2+ at the lowest 
concentration. Babich & Stotzky (1979) report that yeast extract and some 
peptones were able to neutralise the toxicity of Pb2+ in work with Aspergillus 
niger, Rhizoctonia solani and Fusarium solani. The absence of Pb2+ toxicity at 
low concentrations may be attributable to the peptone and yeast extract 
components in the medium chelating the Pb2+ ions, although at concentrations 
exceeding 1 mM Pb2+, the peptone/yeast extract was saturated with Pb2+ and the 
remainder of unchelated cations was responsible for growth inhibition above 1 
mM Pb2+. Pb2+, especially at high pH, is able to form polynuclear coordination 
complexes, such as PbOH+, Pb20H3+, Pb3(OH)/+, Pb4(OH)44+ and Pb6(OH)34+ 
which were reported by Babich & Stotzky (1979) to be less toxic to the test 
organisms than Pb2+. Although Pb2+ toxicity was not investigated in cutting fluid, 
high pH is likely to favour polynuclear coordination complex formation leading 
to noticeable Pb2+ toxicity reduction and possibly increased fungal growth. 
However, the concentration of lead in metalworking systems is likely to be 
insignificant to fungal physiology as lead is only present in small quantities as 
impurities in industrial metals. 
Results with C02+ and NF+ agree well with work by Somashekar & Sreenath 
(1988) where Ni2+ was reported as being more inhibitory than Co2+. However, 
the Fusarium solani strain tested in this project was equally sensitive to both these 
cations and Somashekar & Sreenath (1988) report that the organism is able to 
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adapt to some metal ions, where growth is characterised by a prolonged lag phase 
followed by subsequent vigorous growth. The adaptation of Fusarium solani to 
toxic metal ions in a cutting fluid environment has not been investigated, although 
it is likely that this versatile organism can adapt to some of the less toxic metal 
ions such as Co2+, Ni2+, Zn2+ and Cu2+. Co2+ and Ni2+ are likely to be present 
in industrial cutting fluid in only small concentrations « 1 mM) where they are 
unlikely to have any major impact on fungal physiology. Although there is no 
reported work with Ti3+, the response of Fusarium solani to this ion is similar to 
Co2+ and Ni2+, and the importance of Ti3+ is only of academic interest as the 
likely concentrations in cutting fluid are small. The role of culture medium initial 
pH in fungal physiology with Ti3+ may be of relevance, rather than the Ti3+ ions 
being toxic, where excessively low pH at high concentrations of the ion tested 
may be inhibitory to growth. A similar effect with reduced initial culture pH 
occurred with Fe3+ and AI3+. Where a neutral salt, AIK(S04h.12H20, was used 
instead of the acidic AICI3, results with AI3+ from both sources were similar, 
demonstrating that salt acidity alone was not responsible for fungal growth 
inhibition in A13+ experiments. 
A general relationship was demonstrated between medium pH and apparent 
metal ion toxicity where low substrate pH tended to render several ions tested 
increasingly inhibitory to fungal growth, whereas media with higher pH or cutting 
fluid, cation toxicity was less. This behaviour was most evident with AI3+, Cu2+, 
Fe2+ and Fe3+. 
In GPY, Fe2+ was less toxic to Fusarium solani than Fe3+ and, although in 
work by Gaur & Agnihotri (1982) Fe3+ was not tested, iron toxicity to Fusarium 
solani agreed well. Furthermore, Fe2+ was found to be more inhibitory to growth 
than Zn2+ which confirms results with Fusarium solani ISL-45. The toxicity of 
Fe3+ and AI3+ to Fusarium solani in these experiments reflects the effect of 
dissolved swarf materials demonstrated in previous work (5.3.3) where swarf 
materials, especially in pre-treated cutting fluid (table 5.10) were notably 
inhibitory to fungal growth. 
However, AI3+ and Fe2+ were less inhibitory in cutting fluid experiments than 
dissolved aluminium and iron in swarf experiments performed in cutting fluid. 
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The effect on fungi, in cutting fluid, by metals may not alone be related to simple 
ions such as AP+ or Fe2+, and it is likely complex chemical interrelationships 
between metal and cutting fluid play an equally important role. The toxicity to 
Fusarium solani of dissolved swarf constituents in cutting fluid may simply be 
attributable to concentrations of A13+ or Fe2+ exceeding levels tested (10 mM) in 
cutting fluid experiments, demonstrating that metal ions are indeed capable of 
being toxic in cutting fluid when concentrations are sufficiently high. 
Growth inhibition with Zn2+ followed a dose dependent relationship. 
Although Zn2+ is capable of forming complexes in a similar manner to Pb2+, 
Babich & Stotzky (1978) report such complexes have no significant effect on 
Fusarium solani in comparison with Zn2+, and that this metal was not particuarly 
toxic to fungal growth. These results disagreed with results obtained by 
Somashekar & Sreenath (1988) where Zn2+ at concentrations of 0.5-1 mM was 
found to be more toxic than Co2+, although stimulatory to sporulation. The 
organism tested in the work described may have been less well adapted to 
growing in a Zn2+ enriched environment previously. 
Between metal ion concentration and specific yield, two main patterns were 
demonstrated. The most frequent relationship increased specific yield with 
increased metal ion concentration up to levels of 1-2 mM followed by a decrease 
in specific yield at higher cation concentrations. This behaviour occurred with 
AI3+, C~+, Cu2+, Mn2+, Ni2+ and Zn2+. With the exception of Mn2+, all ions 
resulted in a dose dependent decrease of fungal growth with increasing cation 
concentration. This behaviour does not follow the relationship demonstrated in 
previous work (5.1 and 5.2) where environmental stress inhibiting growth resulted 
in increased extractable metabolite production and formation of pigmented 
material. The metal ions described are therefore playing a major role in 
secondary metabolism, where the ion has an inhibitory role on metabolism above 
2 mM, at which it also inhibits fungal growth. The most notable example of metal 
ions affecting metabolism was Zn2+, where very high specific and extract yield 
values were obtained with 0.5-1 mM Zn2+. Pigmentation was very intense with 
banding on TLC plates being much more pronounced than with control material 
(figure 5.23). Pari sot et ale (1990) report Zn2+ being stimulatory to 
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naphthoquinone synthesis with the optimum concentration being 11.4 ppm, 
however from results using Fusarium solani ISL-45 Zn2+ is stimulatory to 
pigmentation at much higher concentrations. 
With the exception of C~+, extract yields with all ions described were 
proportional to specific yield, rather than biomass, as described in section 5.1 & 
5.2, therefore offering further evidence for the role of metal ions in regulating 
secondary metabolite production. 
The other main pattern between metal ion concentration and specific yield 
conformed to results in earlier work (5.1 & 5.2), where specific yield was 
inversely proportional to biomass. Where growth decreases in a dose dependent 
manner by increasing metal ion concentration, a relationship of increasing specific 
yield approximately proportional to metal ion concentration occurs. This 
behaviour was generally demonstrated with Co2+, Fe2+, Fe3+, Pb2+ and TiH, 
although Pb2+ was stimulatory to growth at low concentrations. The increase in 
metal ion concentration having an inhibitory effect on growth, also results in an 
increase in secondary metabolism. These ions described therefore appear to have 
no regulatory effect on specific yield at the concentrations tested. In the case of 
Pb2+ and to a smaller extent Ti3 +, extract yield increased with ion concentration 
to reach a maximum value at 2 mM (Pb2+) and 1 mM (TP+) before decreasing. 
With Pb2+, extract yield was proportional to growth with intense pigmentation 
associated with the highest extract yields (figure 5.23). 
Testing A13+ and Cu2+ in BNMG medium at elevated initial pH revealed 
much lower specific yields than results with corresponding metal ion 
concentrations in GPY medium, although with both metal ions a comparable or 
slightly higher extract yield than with GPY medium was associated with BNMG. 
The low specific yield coincides with high biomass levels demonstrating the 
inverse relationship between biomass and specific yield, and the slightly higher 
extract yields obtained relate well to the increased levels of biomass from BNMG 
medium conforming to the proportional relationship between extract yield and 
biomass. Although none of the extracts were strongly pigmented, some 
pigmentation was evident demonstrating production of naphthoquinones in 
substrates above pH 4 as described earlier (5.1). 
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An almost similar pattern with specific yield and extract yield occurred with 
AI3+ supplemented with trace impurity ions, demonstrating that levels of 
impurities tested have no apparent effect on secondary metabolism in comparison 
to pure AI3+. 
There were no outstanding findings with A13+ IPe2+ combinations, however 
an increase of specific yield was favoured with 0.5 mM A13+ I 2mM Pe2+ although 
both specific yield and extract yield values were apparently low. The presence of 
the metal ions in combination is therefore suppressing solvent extractable 
secondary metabolite formation in a similar manner to the effect of these metal 
ions separately. 
Figure 5.23 
Thin layer chromatography plates showing intense extract pigmentation associated 
with low concentrations of Pb2+ and Zn2+. 
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As described in 5.4.2.15, except for the stimulatory effect of nitrate, anions 
did not influence the results with metal ions and Fusarium solani physiology. 
Minimum extract cytotoxic doses (Vero cells), compared well with previous 
results (5.1 and 5.2) where doses were 12.5 to 25 ug/ml, demonstrating that none 
of the culture extracts were notably toxic to Vero cells. Although the range of 
metal ions tested had various effects on growth and metabolism, no metal ion was 
responsible for any toxigenicity changes in Fusarium solani. The presence of 
metal ions in cutting fluid therefore is likely to pose no increased risk of fungal 
toxic metabolite production, the only role of Fusarium solani being that of 
spoilage organism and biodeteriogen. 
Although most of the pure metal ions tested were inhibitory in culture media 
at low pH (PH < 5.5), the chemistry of many of these metal ions permits them 
to be less toxic to Fusarium solani at elevated pH, or in the cutting fluid 
environment. Although there is considerably more to be understood about metal 
ion/cutting fluid/fungal interactions, the role of metal ions in cutting fluid 
bioresistance loss is important and potentially has a direct influence on fungal 
colonisation. Furthermore, to complicate matters, the role of metal ions in 
coolants may be modified by the interaction with industrial biocides and 
corrosion inhibitors (Rossmoore, 1979; Rossmoore, 1986 & Rossmoore et ale 
(1972). Further research into metal ion involvement in the cutting fluid 
environment is required to gain a greater understanding relating directly to fungal 
interactions. 
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~ EFFECT OF WATER HARDNESS ON THE PHYSIOWGY OF 
FUSARIUM SOLAN/. 
The implication of water hardness in fungal physiology was investigated using 
simulated hard water to determine whether Fusarium solani behaves in a similar 
manner to a complete mixed fungal flora as des c. ribed in work by Bennett (1972) 
and Kitzke & McGray (1963). 
5.5.1 Method 
Experiments investigating the effect of simulated hard water were prepared 
in a similar manner to metal ion experiments. A stock suspension of CaC03 was 
prepared and aliquoted into media flasks to the appropriate water hardness value. 
5.5.2 Results and discussion 
An increase in fungal dry weight in both culture media and cutting fluid was 
associated with increased simulated water hardness (table 5.31 & figure 5.24). It 
is unlikely that interference by CaC03 precipitate in dry weight determinations 
occurred as CaC03 supplemented un inoculated media demonstrated no un filterable 
material (data not shown). The results using CaC03 also compare favourably with 
experiments using Ca2+ in previous work (5.4.2), where Ca2+ was also 
stimulatory to growth. Results however disagree with work by Bennett (1972) and 
Kitzke & McGray (1963). Although hard water concentrations of 0-350 ppm 
CaC03 were found to be stimulatory to a consortium of cutting fluid fungi 
(Acremonium sp. and Fusarium sp.), 700 ppm was found to be inhibitory to 
fungal growth, further supported by high numbers of mould infested cutting fluid 
samples from soft water and less from hard water regions. 
500-1000 ppm CaC03 was found to be stimulatory to Fusarium solani ISL-
45, disagreeing with previous work, suggesting that Fusarium solani is possibly 
better able to adapt to a hard water environment than the consortium of cutting 
fluid fungi tested previously. Although Bennett (1972) reported Mg2+ to be more 
stimulatory to fungal growth than Ca2+, results with Fusarium solani appeared to 
show that Mg2+ and Ca2+ had similar effects on fungal growth. 
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Table 5.31 
Effect of water hardness (CaC03) on Fusarium solani physiology in GPY (after 
9 days) and cutting fluid (after 14 days). 
: : : 
' , 
: : 
' , 
: : 
: 
, , . :. : : ' , , , 
: ' , 
, , , 
: 
, , : : ' , , , : : 
, , 
: ' , 
, , 
: 
: : 
0 3.96 (0.52) 65.2 ~ 16.5 3.59 
50 4.53 (0.51) 29.4 6.5 3.93 
100 5.45 (0.30) 34.0 6.3 3.98 
200 5.95 (0.09) 27.2 4.6 4.29 
500 5.62 (0.79) 26.7 4.2 5.38 
1000 6.01 (0.62) 25.3 6.3 6.39 
(1) Quantity of extractable material from 1 L medium. 
(2) Quantity of extractable material from Ig mould. 
H. ppm Water hardness (ppm Ca). 
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Both extract yield and specific yield decreased with increased dry weight 
demonstrating relationships discussed earlier (5.1, 5.2 and 5.4). None of the 
extracts tested demonstrated increased toxicity to Vero cells compared to control 
material. Water hardness therefore has no effect on secondary metabolism, the 
decrease in extractable material with increased water hardness being solely 
attributable to increased biomass. The increase of dry weight in elevated water 
hardness may be attributable to higher culture pH than direct effects by the 
CaC03• Fusarium solani is better able to grow in culture media at elevated pH 
(section 5.1), although the small increase of fungal dry weight in cutting fluid, 
with increased water hardness cannot be accounted for. In addition to water 
hardness playing a role in Fusarium solani physiology, water hardness is also 
likely to affect cutting fluid bioresistance, although this has not been investigated. 
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Chapter Six 
Investigation of cutting fluid constituents 
and their effect on fungal physiology. 
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6.1 INTRODUCTION 
The effects of individual cutting fluid components on the physiology of 
Fusarium solani have been investigated to determine the components responsible 
for supporting fungal growth. 
Work was performed in a basal salts medium, supplemented by individual 
cutting fluid constituents, as carbon and nitrogen sources. Experiments were 
performed at two C:N ratios, based on materials used in previous work, C:N 
ratios corresponding to culture media (C:N 93:1) and cutting fluid (C:N 41:1). 
Assessment and comparisons of behaviour were made to obtain a greater 
understanding of the role and significance of C:N ratio in fungal metabolism. 
6.2 MEDIA AND METHODS 
Experiments were performed in a modified medium based on BNM, the 
unamended medium containing; glucose, 50 gIL; NH4N03, 0.48 gIL (C:N 93: 1 
medium) or 1.07 gIL (C:N 41: 1 medium); glycine, 0.48 gIL (C:N 93: 1 medium) 
or 1.07 gIL (C:N 41:1 medium); MgS04.7H20, 0.38 gIL and Borrow's 
micronutrients (chapter 2), 2 mllL in Sorensen's phosphate buffer (PO/-
concentration 133 mM) at pH 5.2 or 8.2. 
Experiments investigating carbon compounds, containing no nitrogen, were 
carried out in BNMG medium substituting glucose by an equivalent amount of 
constituent. Similarly, experiments investigating nitrogen-containing cutting fluid 
constituents used BNMG substituting NH4N03 and glycine by the constituent. In 
all experiments with cutting fluid constituents, the quantity of carbon and nitrogen 
in the medium corresponded to the quantities of these nutrients in unamended 
media. Where cutting fluid constituents containing both carbon and nitrogen were 
used, the constituent concentration was dependant on the quantity of nitrogen 
present, hence the carbon level was adjusted using glucose to maintain the 
required C:N ratio. 
The carbon source was prepared as a double strength solution in Milli-Q ultra 
pure water and autoclaved. Carbon sources were not autoclaved in the presence 
of phosphate to avoid possible production of antifungal materials. A double 
strength mineral salts solution was prepared in the phosphate buffer before 
161 
passing through a 0.2 urn pore Falcon bottle-top filter to sterilise the solution. 
The mineral salts solution was filtered directly into the carbon source solution 
before mixing. 
6.3 UNAMENDED BASAL SALTS AND BNMG MEDIUM 
Higher fungal dry weight values were associated with BNMG medium 
adjusted to a C:N ratio of 41: 1 than media at 93: 1 (tables 6.1, 6.2, 6.3 & 6.4 and 
figure 6.1). This behaviour is probably attributable to less nitrogen limitation in 
C:N 41:1 than C:N 93:1 media and offers evidence that GPY (C:N 93:1) used 
in previous work (chapter 5) was nitrogen limiting. 
Day 9 fungal dry weight values in BNMG experiments exceeded values 
associated with GPY media at day 9 (section 5.1, table 5.2, 5.3 & 5.4). The 
higher phosphate concentration in BNMG is likely to have played an important 
role in this increase of fungal biomass, where in previous experiments using 
GPY, fungal growth was limited by low phosphate concentration. The sources of 
phosphate in GPY are peptone and yeast extracts where phosphate levels are 
unlikely to exceed 0.6 mM, whereas BNMG medium prepared in a phosphate 
based buffer, phosphate concentrations are 130-140 mM. 
Indeed, the excess quantity of phosphate in BNMG was found to have no 
adverse effect on fungal physiology, indicating that Fusarium solani is adaptable 
to high concentrations of phosphate. 
The initial pH of the medium did not seem to have much effect on biomass 
yield at C:N 93: 1 (tables 6.1 & 6.2), but did seem to influence the results in 
media at C:N 41: 1 (tables 6.3 & 6.4) where an initial pH of 5.2 supported higher 
fungal biomass. 
The residual quantity of fungal dry weight associated with the day 0 weight 
determination is attributable to the fungal inoculum. 
162 
Table 6.1 
Physiology of Fusarium solani in BNMG medium (C:N 93: 1) buffered at pH 5.2. 
: : : : : : : : : : : : : : ~::::: : : 
: : : : : 
: : 
: : : : : 
: : : : : : : 
: : : : : : : : : : : : : : : : : 
0.2 0.47 (0.02) 36.8 * 78.3 * 4.93 
1.0 2.08 (0.08) 34.2 16.4 3.08 
2.0 4.03 (0.16) 58.8 14.5 4.08 
3.1 4.83 (0.59) 77.5 16.0 3.74 
4.0 5.01 (0.32) 61.2 12.0 3.76 
5.0 5.79 (1.43) 53.0 9.2 3.67 
6.0 6.31 (0.32) 64.3 10.2 3.83 
7.0 6.93 (0.20) 66.2 9.6 3.87 
8.3 7.11 (0.62) 51.5 7.2 3.88 
9.0 7.99 (0.82) 32.7 4.1 3.88 
Figure 6.2 
Physiology of Fusarium solani in BNMG medium (C:N 93: 1) buffered at pH 
8.2. 
: : : : : 
: : : : : : : : 
: : : : 
: 
: : : : 
: 
: : : : : 
: : : : : : : 
: : : : : 
: : : : : : .. 
0.2 0.55 (0.06) 35.2 * 64.0 * 7.70 
1.0 0.69 (0.10) 29.0 42.0 7.46 
2.0 4.15 (0.26) 50.3 12.1 7.35 
3.1 4.73 (0.55) 50.3 10.6 7.38 
4.0 4.94 (0.59) 54.4 11.0 7.13 
5.0 5.86 (0.27) 47.0 8.0 7.14 
6.0 6.25 (0.39) 54.4 8.7 7.03 
7.0 7.17 (0.47) 34.2 4.8 7.17 
8.3 7.02 (0.22) 68.2 9.7 7.20 
9.0 8.02 (0.31) 58.8 7.3 7.06 
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Table 6.3 
Physiology of Fusarium solani in BNMG medium (C:N 41: 1) buffered at pH 5.2. 
: : 
: : : : : : : : : : : : : : : : : :::::: .. : : : : : : 
: 
: : : : : 
: : : : : : : : 
: : 
: : : : : : : 
: : : : : : : : : : 
0.02 0.55 (0.02) 7.0 12.7 4.91 
1.00 2.30 (0.35) 11.2 4.9 4.28 
2.00 3.76 (0.20) 14.0 3.7 3.15 
3.00 6.05 (1.06) 84.5 14.0 3.72 
4.00 6.76 (0.55) 46.7 6.9 4.09 
4.80 7.62 (0.18) 54.1 7.1 4.11 
5.91 9.25 (1.38) 48.6 5.3 3.91 
7.00 9.58 (1.10) 50.6 5.3 3.89 
8.00 9.09 (0.53) 59.3 6.5 4.20 
9.00 9.97 (0.85) 33.1 3.3 4.12 
Figure 6.4 
Physiology of Fusarium solani in BNMG medium (C:N 41: 1) buffered at pH 8.2. 
: : : : 
: : : .. : :::::::. : 
: : : 
: : : : : : : 
: 
: : : : : : : : 
: : : : 
: : : 
: :. 
: .:IIl: : 
: : :; : : : : : 
0.02 0.54 (0.03) 7.2 13.3 7.64 
1.00 0.74 (0.06) 15.2 20.5 7.50 
2.00 1.71 (0.27) 14.3 8.4 7.25 
3.00 4.71 (0.16) 73.0 15.5 6.72 
4.00 4.78 (0.16) 35.7 7.5 6.20 
4.80 6.05 (0.84) 37.3 6.2 6.24 
5.91 7.26 (1.51) 21.6 3.0 6.23 
7.00 8.13 (0.98) 33.1 4.1 6.22 
8.00 6.33 (1.91) 13.3 2.1 6.02 
9.00 6.93 (0.38) 76.9 11.1 6.56 
Key to tables 6.1 to 6.4 inclusive 
All figures in parentheses are standard deviations of three results. 
I Quantity of extract material from 1 L medium. 
2 Quantity of extract material from 1 g mould. 
• Yield values subject to interference by unknown extractable media constituents. 
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Figure 6.1 
Effect of pH and C:N on physiology of Fusarium solan; in BNMG. 
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A slightly longer lag phase was associated with media adjusted to initial pH 
8.2 than media at pH 5.2, which was attributable to time taken for the inoculum , 
grown in media at initial pH 5.2 (GPY) , to adapt to media at pH 8.2. Thus, 
BNMG adjusted to pH 5.2 supported noticeably higher dry weight at day 1 than 
media at pH 8.2. However, media adjusted to pH 8.2 was able to support similar 
yields of fungal biomass compared to media at pH 5.2, confirming results from 
earlier work that Fusarium solan; has a wide pH optimum for growth. 
In all experiments (tables 6.1, 6.3 & 6.4) except with BNMG at 93: 1 
buffered at pH 8.2 (table 6.2), a maximum extract yield was associated with 
cultures at day 3. Over the 9 day incubation, in BNMG medium, there was no 
demonstrable inverse proportional relationship between fungal dry weight and 
extract yield, as described previously, using GPY (chapter 5), clearly 
demonstrating that fungal physiology in BNMG is different from that of GPY. 
However, a relationship was demonstrated in the first three days of incubation 
where extract yield values were distinctly lower with culture media at C:N 41: 1 
than 93:1, corresponding to increased fungal dry weight with media at a C:N of 
41: 1. This relationship was not demonstrated after 3 days of incubation and is 
possibly attributable to physiological changes governing less extractable secondary 
metabolite production. 
Unrealistically high extract yields associated with freshly inoculated media 
(tables 6.1 & 6.2) are of unknown cause. Although glycine may be soluble in 
chloroform/ethylacetate in the uncharged state, it is unlikely that glycine or any 
other BNMG constituents dissolving in the solvent are responsible for interference 
in extract yields. It is therefore unlikely that extract material recovered at days 
0-3 is a reflection of unutilised solvent soluble media constituents, as extracts 
from uninoculated media yielded neglible material (extract yield < 10 mg/L). 
In media adjusted to C:N 93:1, a general lower extract yield was 
demonstrated with cultures buffered at pH 8.2 than buffered at pH 5.2, although 
this behaviour was not evident in media adj usted to a C: N of 41: 1. These results 
reflect the lower extract yields associated with GPY experiments where media 
were maintained at pH 7 or pH 10 (5.1, table 5.3 & 5.4). Although it has already 
been stated that fungal physiology is different in BNMG than GPY, some 
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physiological characteristics are similar, such as those described above. 
However, the most important physiological characteristic of Fusarium solani 
in BNMG was the production of pigmented material in cultures exceeding pH 4. 
Previous work (Pari sot et al., 1990) reported Fusarium solani as unable to 
produce pigmented material in GPY when adjusted to above pH 4. The findings 
in this project using a glucose based medium supplemented with a defined 
nitrogen source, instead of peptone and yeast extract therefore do not agree with 
findings by Pari sot et al., (1990) and demonstrate the production of pigment at 
elevated, as well as low pH. 
It was considered that either the nitrogen source or increased phosphate 
concentration used in BNMG medium may have been responsible for the changes 
in pigmentation. 
Pari sot et al., (1990) found some ammo acids to be stimulatory to 
naphthoquinone pigment production by Fusarium solani, although glycine was not 
studied and the effect on strains remains unknown. It was hypothesised that 
increased glycine in BNMG may have been stimulatory to pigmentation at 
elevated pH. In media with glycine as sole nitrogen source (table 6.5), culture 
pigmentation was noticeably greater than normal BNMG, thus supporting the 
hypothesis. However, in media using N03- and NH4 + / N03- in combination, 
pigmentation, although not of intensity comparable to experiments using glycine 
as sole nitrogen source, was comparable to normal BNMG buffered at pH 8.2. 
It is therefore unlikely that the role of the nitrogen source was alone sufficient to 
account for changes in pigmentation at elevated pH. From results in table 6.5 it 
was evident that using different nitrogen sources, singly or in combination, had 
little overall effect on biomass, although N03- supported biomass levels slightly 
higher than those with glycine and NH4N03• Dry weight associated with nitrogen-
free BNMG was attributable to inoculum material. 
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Table 6.5 
Investigation into the effects of medium composition and pH on pigmentation by 
Fusarium solani after 9 days. 
: : 
: !':::&: : : :,:,:;;;;0;:,: : : : : : : : : : : : : : : : : : : : : : : 
: : : : : : : : 
: : : : 
: 
: : : 
: : : 
: : : : : 
: : : : 
: : 
: : : : : : : : : : : : : : 
G control 3 5.41 (0.74) 94.3 17.3 5.20 3.29 + 
G pH readj 4 7.51 (0.33) 28.6 3.8 7.00 5.46 
-
G buffered ~A 4.35 (0.32) 55.6 12.8 7.77 7.21 + 
B Control 6A 6.07 (0.19) 38.5 6.3 8.20 6.22 + 
B N-free 7A 0.59 (0.11) 15.9 26.9* 8.20 7.41 
-
B glycine 8" 6.84 (1.25) 76.3 11.1 8.00 6.60 ++ 
B NH4N03 9" 7.00 (0.51) 30.5 4.4 8.00 6.21 + 
BN03" 10" 8.18 (0.58) 72.6 8.9 8.00 6.41 + 
B BNMG medium. All BNMG experiments are perfomed in media adjusted to a C:N of 93: 1. 
G GPY medium. 
Figures in parentheses are standard deviations of three replicates. 
" Contains elevated phosphate concentrations (maximum - 140 mM). 
* Inaccurate data attributable to interference by solvent soluble medium constituents. 
I quantity of extract material from 1 L medium. 
2 quantity of extract materail from 1 g mould. 
3 Unamended GPY medium (chapter 5). 
4 Daily readjustment of GPY to pH 7.0. 
~ GPY adjusted to pH 7.8 using Sorensen's phosphate buffer. 
6 BNMG adjusted to pH 8.2 using Sorensen's phosphate buffer. 
7 BNMG containing no added nitrogen components. 
8 BNMG amended with glycine as sole nitrogen compound. 
9 BNMG amended with NH4 + and N03" as nitrogen compounds. 
10 BNMG amended with NO;, using NaN03, as sole nitrogen compound. 
Pigmentation 
- none 
+ moderate (compare with level expected in normal GPY) 
+ + strong 
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Although much was reported on Fusarium solani and pigment secondary 
metabolism by Parisot et al., (1990), no mention was made about the role of 
phosphate on naphthoquinone metabolism. In experiments using BNMG buffered 
at pH 8.2, phosphate was found to have a potentially important role influencing 
culture pigmentation. Normal (reduced phosphate concentration) GPY, when 
adjusted to pH 7 or pH 10 and maintained at these levels, was unable to support 
pigmentation. A modified version of GPY, using Sorensen's phosphate buffer 
maintaining culture at pH 7.8 permitted pigment production, strongly suggesting 
that elevated phosphate concentrations in such media are responsible for 
pigmentation in BNMG (tables 6.2 & 6.4). As no suitable alternative buffer was 
available, it was not possible to perform an experiment in non-phosphate buffered 
BNMG to verify that low phosphate concentrations are associated with non-
production of the pigment. As an alternative to buffering, a chemostat bioreactor 
or regular manual pH readjustment of BNMG (section 5.1) may have overcome 
this problem. However, results using GPY, maintained at high pH (table 6.5 and 
section 5.1, tables 5.3 & 5.4) offer sufficient evidence that low phosphate 
concentration plays a role in reducing culture pigmentation. 
The very strong pigmentation associated with glycine as sole nitrogen-source 
may be attributable to glycine having a stimulatory effect on pigmentation, 
enhanced further by increased phosphate concentration, however any relationships 
between the effect of nitrogen source and phosphate have not been investigated. 
BNMG, although unable to reproduce the conditions associated with GPY, 
offers a suitable defined medium in which cutting fluid constituents can be readily 
substituted to study the effects of such constituents on the physiology of Fusarium 
solani. Now some knowledge of fungal physiology in the basal medium has been 
obtained, comparisons can be made with the cutting fluid constituent amended 
version of the medium to assess and predict the roles of individual cutting fluid 
materials. 
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y EFFECT OF NITROGENOUS CUTTING FLUID CONSTITUENTS ON 
THE PHYSIOLOGY OF FUSARIUM SOLAN/. 
The three nitrogenous materials used in the brand of cutting fluid emulsion 
studied throughout this project are; monoethanolamine, triethanolamine and 
benzotriazole. The three compounds are all employed for corrosion inhibition, the 
alkanolamines best suited to ferrous metals and benzotriazole for "yellow" metals, 
such as brass and bronze. The alkanolamines, at sufficiently high concentration 
have previously been reported as having antimicrobial properties (Rossmoore, 
1979; Rossmoore, 1986). 
Although fungal dry weight yields, with all of the nitrogenous constituents 
tested were not as high as basal unamended BNMG, monoethanolamine was 
found to support the highest production of fungal dry weight, and triethanolamine 
supported only slight biomass production, whereas benzotriazole appeared 
inhibitory to fungal growth (table 6.6). The structure of monoethanolamine 
(figure 6.2a) is such that biodegradation is a relatively simple task by 
microorganisms, whereas the nitrogen atoms in triethanolamine (figure 6.2b) and 
benzotriazole (figure 6.2c) are much less easily accessible for microbial 
degradation. 
Higher levels of fungal dry weight were associated with amended culture 
media at a C: N ratio of 41: 1 than 93: 1 , with both monoethanolamine and 
triethanolamine, verifying findings (section 6.3) where increased nitrogen levels 
in C:N 41: 1 medium permit slightly more growth than media with a higher C:N 
ratio, prior to nitrogen depletion and cessation of growth. 
Testing the compounds as sole carbon and nitrogen source (native C:N ratio) 
revealed no fungal growth (table 6.6). Although the high pH of this medium may 
have influenced fungal growth, the inhibition of growth is probably attributable 
to the inhibitory nature of these compounds. Monoethanolamine was tested as sole 
carbon and nitrogen source below the threshold concentration for antimicrobial 
activity « 1 % v/v). 
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Figure 6.2a 
The structure of monoethanolamine. 
f V /H 
HO-C-C-N 
I I "H 
H H 
Figure 6.2h 
The structure of triethanolamine. 
Figure 6.2c 
The structure of benzotriazole. 
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Table 6.6 
Effec~ of nitrogenous cutting fluid constituents on the physiology of Fusarium 
solam after 9 days. 
: : : : 
: 
: : : : : : : : : : : : : : 
: : : : : : : 
: : : : : : : : : : : : : : : : : 
: : 
.. : : : : 
: : : 
MonoE.A. 93:1 2.54 (0.77) 18.1 7.1 9.29 7.69 
41:1 3.86 (0.85) 14.8 3.8 9.54 7.80 
2:1· 0.33 (0.04) 16.1 47.8 11.10 10.65 
TriE.A. 93:1 0.99 (0.05) 15.4 15.6 8.79 8.28 
41:1 1.23 (0.20) 11.5 9.4 8.87 8.43 
6:1· 0.53 (0.03) 7.4 13.9 9.36 8.99 
Benzotriazole 93:1 0.37 (0.08) NO NO 7.79 7.80 
41:1 0.38 (0.12) NO NO 7.64 7.68 
2:1· 0.39 (0.21) NO NO 7.22 7.22 
BNMG 93:1 8.02 (0.31) 58.8 7.3 7.70 7.06 
41:1 6.93 (0.38) 76.9 11.1 7.64 6.56 
Figures in parentheses are standard deviations of six replicates. 
NO Extractions not performed - constituent soluble in solvent. 
• C:N ratio of constituent - no additional carbon source. 
Table 6.7 
Effect of monoethanolamine at non-antimicrobial concentration on the physiology 
of Fusarium solani after 9 days. 
'. " 
. .: ~ r ~ : : '. . : :. : . : " .: .. : : .; :: 
.. : 
. .:. 
: : . . : . . :. . .'. . 
. : :' .:.' 
.. . . : : : 
. : : : . " " 
... .. : .. . . .. . . : . : : .. . . . . . 
MonoE.A.3 0.49 (0.06) 51.5 
BNMG 4 0.42 (0.10) NO 
Figures in parentheses are standard deviations of six replicates. 
NO Extractions not performed, insufficient material. 
. . . . 
. . . . 
: : " : 
105.1 
NO 
. .... " 
.. : : : : : : ': 
· . : : 
· . 
· . .; .: . 
.. : ;: 
10.40 9.21 
7.75 7.41 
1 Quantity of extractable material from 1 I medium. 
2 Quantity of extractable material from 1 g mould. 
3 Monoethanolamine concentration (0.25 % v/v) corresponding to non-antimicrobial concentration. 
4 BNMG control supplemented with glucose corresponding to quantity of carbon in monoethanolamine 
experiment e). 
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Although performed at a non-antimicrobial concentration, there was no 
growth (table 6.7) and a control experiment using glucose as a carbon source and 
glycine/NH4N03 as nitrogen source corresponding to carbon and nitrogen 
concentrations used in the monoethanolamine experiment also revealed non-
growth. It is possible that the reduced levels of carbon and nitrogen in the 
medium may be insufficient for supporting growth, and offers evidence that a 
minimum concentration of carbon or nitrogen must exist to support growth. This 
possibility can be extended to cutting fluid experiments in section 5.3, where it 
was shown that Fusarium solani was unable to grow well in cutting fluid unless 
supplemented with yeast extract, containing readily utili sable nitrogenous 
compounds. It is likely that nitrogen is the limiting factor in these experiments 
and not carbon, as cutting fluid and culture media were rich in carbon 
compounds. The normal nitrogenous constituents alone, in cutting fluid are unable 
to support fungal growth and although the concentration of nitrogen is plentiful, 
the compounds are difficult to utilise and that the minimum available nitrogen 
concentration to permit growth has not been reached. Supplementation of cutting 
fluid with bacteria (Rossmoore, 1986) or yeast extract (section 5.3) is able to 
increase available nitrogen in cutting fluid to levels exceeding the minimum 
requirements thus permitting growth. As suggested in section 5.3, when fungal 
growth has reached a critical biomass, it is likely that the ability of the mould to 
degrade components, previously difficult to utilise, may be increased leading to 
more substantial fungal growth. 
There was no pigmentation with any of the three constituents tested and both 
extract yield and specific yield values were low in most cases although an 
unaccountable rather high specific yield was associated with monoethanolamine 
at a C:N of 2: 1. Benzotriazole was highly soluble in chloroform/ethylacetate (2: 1) 
and extractions of media supplemented with this constituent were not performed. 
As pigmentation was absent in all cases the role of these constituents on 
naphthoquinone secondary metabolism was thought not to be significant. 
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6.5 EFFECT OF VEGETABLE OIL PRODUCTS ON FUNGAL 
PHYSIOLOGY 
Both vegetable oils tested supported fungal growth, although a considerably 
higher biomass was associated with rapeseed oil than distilled tall oil (table 6.8). 
A higher level of biomass was supported by media adjusted to a C:N of 41: 1 than 
93: 1 with both oils, highlighting the role of nitrogen limitation in this medium 
(section 6.3). 
This experiment demonstrates clearly that vegetable oils are indeed a 
potentially important source of carbon for saprophytic organisms in cutting fluid. 
Fusarium solani is easily able to degrade these materials, and the presence of 
such an easily utili sable carbon source in cutting fluid supports production of 
considerable biomass. 
The ability of the vegetable oils tested to support growth is probably dependent 
on their composition. The higher yield of fungal biomass with rapeseed oil may 
be reflected by rapeseed oil containing a wider variety of fatty acids than distilled 
tall oil (Hilditch & Williams, 1964). 
Both oils contain oleic acid (C1S), linoleic acid (C1S) and erucic acid (C22; 
linolenic and eicosenoic acid mixture) although tall oil contains a much higher 
proportion of linoleic acid and lower proportion of erucic acid than rapeseed oil. 
In rapeseed oil, palmitic acid (C16), C20 mono-unsaturated fatty acids and small 
proportions of other unsaturated fatty acids (predominantly C1S) are present. 
It is concei vable that a large proportion of one particular component, such as 
linoleic acid in tall oil (79 %), may be inhibitory to growth or may not be easily 
utilised therefore restricting growth. 
Fungal biomass levels with rapeseed oil, in media adjusted to both C:N 
ratios, exceeded levels supported by BNMG and GPY whereas tall oil supported 
biomass comparable to GPY values. It is unlikely that oily constituents of the 
medium interfered with dry weight values in experiments using vegetable oils, 
because no oil residue was observed on filter papers during dry weight 
determinations. 
There was no pigmentation associated with the vegetable oils and extractions 
of culture filtrate were not performed because of the solubility of residual 
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vegetable oil in the solvent and subsequent interference in extracts. 
Table 6.8 
Investigation into the effect of vegetable oils and C:N ratio on Rusan' l' 
after 9 days. um so anI 
. . . 
.. 
. :::::::: . . . . ' . . . :,:':':::::::::::::" .. 
.. 
. . . : ,:::::,i;;::,::::::: :(: 
: : (;j(: . . :::0 
. . 
. . . . . . . . .. :::'If., . 
Rapeseed oil 93:1 15.57 (1.06) 7.90 7.fIJ 
41: 1 18.53 (1.88) 7.86 7.22 
Dist. taU oil 93:1 1.61 (1.03) 7.17 6.44 
41: 1 4.55 (2.09) 7.17 6.29 
BNMG 93: 1 8.02 (0.31) 7.70 7.06 
41:1 6.93 (0.38) 7.64 6.56 
Figures in parentheses are standard deviations of six replicates. 
• C:N ratio calculated based on composition data of vegetable oils using data 
published in Hilditch & Williams (1964). 
6.6 EFFECT OF MISCELLANEOUS CUTTING FLUID CONSTITUENTS 
ON FUNGAL PHYSIOLOGY 
Three other cutting fluid constituents, C16-alpha olefin, 2-hexyldecanol and 
ethylene glycol, were tested for their ability to support fungal growth. Ethylene 
glycol was found to support the greatest quantity of biomass, where media 
adjusted to a C:N ratio of 41:1 generally supported higher levels of biomass than 
media adjusted to a C:N of 93: 1 (table 6.9). 
Some fungal biomass was produced with C16-alpha olefm at a C:N of 93: 1 
although no growth ocurred with C16-alpha olefin at a C: N of 41: 1, and recovered 
biomass was attributable to inoculum. 2-hexyldecanol supported similar levels of 
biomass at each C:N ratio tested, although there was greater variability with 
media at a C: N ratio of 93: 1 than 41: 1. 
The ability of these constituents to support fungal growth is reflected in the 
chemical structure of the component. A simple two-carbon structure, ethylene 
glycol is apparently more readily metabolised than larger molecules such as C16-
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alpha olefin and 2-hexyldecanol. The absence of any noticeable pH decrease 
during fungal growth reflects the good buffering capacity of the media used and 
that insufficient acid was produced to lower the pH. 
There was no pigmentation associated with any of these constituents, and 
extractions were not performed as the constituents are soluble in the solvent 
leading to likely interference in extracts. 
Table 6.9 
Effect of miscellaneous cutting fluid constituents on the physiology of Fusarium 
solani after 9 days. 
: : : . ::,::,::::::,::,:" : : ::::::, ::::::, : : : : : : : : : : : : : 
: : : , :;;::.;;::::: : 
: : : 
: : :::.:,' : : : 
: : ::):::::~ ; : : : :::::::::::::: : : : : : : : 
: : : ::::::::::::: : : : 
: : : : : :::::::,:::::, : : : 
Cu.-alpha olerm 93 · 1 2.60 (1.26) 7.88 7.79 
· 
41 · 1 0.44 (0.05) 7.89 7.82 
· 
2-hexyldecanol 93 · 1 2.40 (1.20) 7.85 7.46 
· 
41 · 1 2.55 (0.96) 7.86 7.69 
· 
Ethylene glycol 93 · 1 3.66 (0.81) 7.94 7.30 
· 
41 · 1 6.11 (0.92) 7.88 7.20 
· 
BNMG 93 · 1 8.02 (0.31) 7.70 7.06 
· 
41 · 1 6.93 
· 
(0.38) 7.64 6.56 
Figures in parentheses are standard deviations of six replicates. 
• C:N ratio calculated from data supplied by Castrol International Technology 
Centre, Pangbourne. 
L1 GENERAL DISCUSSION 
Several cutting fluid constituents tested were found to support growth of 
Fusarium solani resulting in biomass levels comparable to and sometimes higher 
than those in cutting fluid. Benzotriazole was unable to support fungal growth and 
monoethanolamine was inhibitory at the higher concentrations tested. 
It was not possible to test the separate constituents at concentrations used in 
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cutting fluid at working strength due to insufficient quantities of the essential 
nutrients in the medium being unable to support fungal growth (section 6.4, table 
6.7). Experiments using media containing 0.25 % (v/v) monoethanolamine and 
a control experiment using glucose to supply carbon at a comparable 
concentration were unable to support fungal growth because there was insufficient 
nitrogen available. The minimum nitrogen concentration to support fungal growth 
has not been determined, but is likely to exceed 40 mM (data based on quantity 
of nitrogen used in the above experiment). Although a significant increase in 
fungal biomass associated with 30 mM N03- compared with un supplemented GPY 
(section 5.4, table 5.29), there was already sufficient utili sable nitrogen in GPY 
to permit growth and the supplemented N03- enhanced growth. 
With the exception of C16-alpha olefin, all constituents able to support fungal 
growth produced higher biomasses with media adjusted to a C:N ratio of 41: 1 
than 93: 1 and this behaviour was also demonstrated with unamended BNMG. In 
media at the lower C:N ratio, the greater level of nitrogen potentially available 
to the organism, resulted in increased levels of biomass under these conditions. 
The level of carbon in all experiments was sufficient to support growth and this 
behaviour therefore demonstrates that BNMG and GPY are both nitrogen limiting 
and that Fusarium solani, although able to produce minute amounts of biomass 
in a nitrogen-free environment, possibly by obtaining nitrogen by scavenging 
volatile nitrogenous materials in the atmosphere (section 5.3, table 5.9 & 5. 11), 
is unable to grow normally where nitrogen levels are significantly reduced. 
At the concentrations tested, only benzotriazole was unable to support fungal 
growth, whereas, at culture medium C:N ratio (93: 1), increased fungal biomass 
was associated with; triethanolamine < distilled tall oil < 2-hexyldecanol < 
monoethanolamine < C16-alpha olefin < ethylene glycol < rapeseed oil. At 
cutting fluid C:Nratio (41:1), increased fungal biomass was associated with; C16-
alpha olefin < triethanolamine < 2-hexyldecanol < ethylene glycol < 
monoethanolamine < distilled tall oil < rapeseed oil. 
In cultural conditions resembling cutting fluid (C:N ratio 41: 1, buffered at 
approximately pH 8), the vegetable oils were found to support the greatest 
amount of fungal biomass among the constituents tested. Although constituents 
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such as C16-alpha olefin, ethylene glycol, 2-hexyldecanol, monoethanolamine and 
triethanolamine, plus other carbon containing constituents, used at low 
concentration in cutting fluid, not tested in this study contribute to available 
carbon, the vegetable oils are likely to be the main carbon source for the growth 
of Fusarium solani in cutting fluid. The nitrogen containing compounds, although 
not easily assimilated, are the only nitrogen sources available. When sufficient 
supplemented nitrogen is available (yeast extract, laboratory work; bacteria and 
carelessly discarded waste, industry), the mould is better able to adapt to 
nitrogen-containing constituents in the cutting fluid leading to growth. In cutting 
fluid badly soiled by organic waste, the level of available nitrogen is increased 
and significantly higher fungal biomasses than those found in laboratory 
experiments are likely. Eventually, the available carbon in the coolant is likely 
to be depleted resulting in cessation of fungal growth. However, in this situation, 
the role of limitation by depletion of other essential nutrients, such as phosphorus, 
is not understood and further investigation is required. 
None of the cutting fluid constituents tested were associated with production 
of pigment by Fusarium solani, confirming results from previous experiments 
(chapter 4) that Fusarium solani is unlikely to produce the slightly toxic 
pigmented secondary metabolites under the conditions associated with cutting 
fluid. The production of pigment at elevated pH in BNMG was of purely 
academic interest and is not significant to the cutting fluid industry. 
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Chapter Seven 
Summary and General discussion. 
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The two main aims of this project were to gain greater understanding of the 
involvement of fungi in cutting fluid toxicity and to study the physiology of 
Fusarium solani, the most frequently isolated fungus from cutting fluid. Both 
these aims have been sucessfully fulfilled, using traditional toxicity testing 
techniques applied to the testing of of cutting fluid emulsions, and the effects of 
some environmental factors on the physiology of Fusarium solani, not previously 
reported in the literature. 
Fusarium solani was the most frequently isolated mould from contaminated 
cutting fluid samples supplied from several parts of the World, although 
Aspergillus tamarii was equally as predominant as Fusarium solani in the cutting 
fluid samples from a tropical region. Fusarium solani was therefore able to grow 
in cutting fluid under a wide range of environmental conditions, each possibly 
unique to the factory or location from which the sample was obtained. The 
apparently ubiquitous nature of this organism in cutting fluid provided the basis 
for a detailed study of Fusarium solani, to attempt to understand the factors 
governing survival and growth in cutting fluid. 
Metalworkers are sometimes afflicted with contact dermatitis from exposure 
to cutting fluid emulsions, and although it has been reported that the additives, 
especially biocides, used in the emulsions are primarily responsible for skin 
disease, it has been considered possible that the moulds known to be potentially 
toxigenic may play a role in human skin disease. 
The brine shrimp larval and cell-line bioassays were used to test all species 
of fungi isolated from cutting fluid. Although the brine shrimp bioassay was 
relatively insensitive to reconstituted solvent extracts and culture filtrates of the 
fungi tested, the use of cell-lines for detecting fungal toxigenicity was successful. 
Moulds isolated from cutting fluid produced no demonstrably toxic material to the 
cell-lines tested, although some of the pigmented extracts from Fusarium solani 
grown in GPY were weakly toxic to cells at concentrations between 12.5-25.0 
ug/ml. Extracts of GPY Fusarium solani cultures were also tested for the 
presence of trichothecene mycotoxins using thin layer chromatography. 
Confirming work described in the literature, non-detection of such metabolites 
strongly suggests that it is highly unlikely that Fusarium solani is able to produce 
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trichothecenes under the wide range of differing environmental conditions studied, 
including; temperature, metal ions, pH, effect of light, nitrogen source and 
phosphate. The maroon to orange pigmented material produced by Fusarium 
solani has been previously reported as being slightly toxic to protozoa, and no 
cases of toxicity have been reported in humans. It is therefore likely that the 
slight toxicity of Fusarium solani culture extracts to Vero, LLMCK2 and HeLa 
cell-lines is attributable to the pigments, and although not tested, the presence of 
an unknown toxic compound in the culture extracts of the strain of Fusarium 
solani tested is unlikely. 
No pigmented material was recovered from Fusarium solani grown in GPY 
at or above pH 7 when pH was controlled, although pigmented material was 
produced in phosphate buffered BNMG, the production being attributable to the 
elevated phosphate concentration. 
No pigmentation was demonstrated in cutting fluid inoculated with Fusarium 
solani, showing that production of naphthoquinones in cutting fluid was inhibited, 
probably attributable, in part, to the elevated pH of cutting fluid. Testing cutting 
fluid constituents separately, including alkanolamines, vegetable oils, ethylene 
glycol and long chain olefins revealed that these compounds were able to support 
fungal growth as sole carbon sources, although biomass yields with alkanolamines 
was limited. No pigment production was associated with any of these constituents 
tested and it is therefore possible that the compounds present in cutting fluid play 
an equally important role in non-production of pigment as high pH. 
Human fibroblast and Vero cells were treated with extracts and cutting fluid 
emulsion samples from fungal growth experiments. Uninoculated material was 
found to be slightly more toxic to both cell-lines than material inoculated with 
Fusarium solani, strongly suggesting that no toxic material was actually produced 
by Fusarium solani, in the cutting fluid. Furthermore, the slight reduction in 
cutting fluid toxicity with inoculated material and the observation that emulsion 
toxicity was found to decrease with increasing fungal biomass is strongly 
indicative that Fusarium solani is able to biodegrade the toxic component(s) of 
cutting fluid. Although no work was performed to identify the cutting fluid 
constituents toxic to cell-lines, it is likely that vegetable oils and ethylene glycol, 
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which are easily biodegraded may playa role in cutting fluid toxicity. It must be 
emphasised that toxicity testing using cell-lines only serves as an indicator to the 
likely effect of test material on human skin. 
The protective stratum corneum layer on the skin protects the live squamous 
epithelial cells underneath and in an industrial situation, only prolonged exposure 
of workers to cutting fluid may lead to contact dermatitis. Susceptibility of 
particular individuals to contact dermatitis may vary, therefore studies of disease 
incidence amongst workers may be only generalised. However results from work 
in this project strongly indicate that Fusarium solani is unlikely to playa role in 
accentuating skin disease and that involvement of toxic metabolites produced by 
Fusarium solan; in cutting fluid is highly unlikely. Although Fusarium solan; 
plays no role in enhancing cutting fluid toxicity the potential role of Fusarium 
solani in opportunistic skin mycoses is unknown. Fusarium solani ISL-45 / IMI 
360547 was unable to grow at 37°C, suggesting that it is less able to behave as 
a human pathogen. The potential of Fusarium solani as a skin pathogen requires 
further investigation, as this species has been previously reported to cause corneal 
ulcers, skin lesions and systemic mycoses leading to death. There have, however, 
been no reported cases of Fusarium solani mycoses originating from contaminated 
cutting fluid or in the metalworking industry. 
The likely role of Fusarium solani in cutting fluid is as a spoilage organism 
and biodeteriogen, potentially leading to impaired cutting fluid function. The 
massive overgrowth of mould in some badly infested systems restricts passage of 
cutting fluid through distribution hoses and also leads to mouldy odours in the 
workshop and fungal debris in the coolant. Although fungal contamination is less 
likely to impair cutting fluid cooling and lubricity than bacterial spoilage, control 
of fungal growth in workshop sumps is a high priority for the metalworking 
industry. 
The cutting fluid environment and indirect factors were investigated to 
ascertain their effect on the physiology of Fusarium solani, and to attempt to 
identify the factors responsible for this organisms ability to grow so prolifically 
in the cutting fluid niche. 
Several factors have been identified in being potentially important in 
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governing the growth of Fusarium solani in cutting fluid. The direct factors 
include; substrate pH, substrate composition and possibly, working practices 
whereas indirect factors include; temperature, effect of metal ions and metals, the 
effect of light and effects of inoculum. 
The pH of cutting fluid can be considered the most influential factor 
influencing the colonisation of the product. Although many organisms are capable 
of growing between pH 8.5-9.5, Fusarium solani has been reported in an alkaline 
pharmaceutical product and experimental work with Fusarium solani ISL-45 /IMI 
360547 demonstrated that higher yields of biomass were obtained from media 
adjusted to and maintained at pH 7 - 10. The ability of the Fusarium solani strain 
tested to grow well at high pH makes cutting fluid a possible environment for the 
organism. The high buffering capacity of cutting fluid maintains pH at a relatively 
constant level during fungal growth, where growth is limited by nutrient depletion 
rather than pH decreasing below optimum levels for growth. The role of pH on 
a larger scale in industry is likely to be similar, although this was not 
investigated. However, where bacterial contamination is severe, the cutting fluid 
buffering may be insufficient to cope with the acid produced by bacteria. The pH 
decrease and subsequent oil/water phase separation may lead to conditions less 
suitable for rapid and widespread fungal growth. 
It was previously reported that fungal colonisation of cutting fluid was 
dependant upon colonisation by aerobic bacteria. In experiments using Fusarium 
solani ISL-45, the mould was unable to grow well in cutting fluid unless 
+ .. 
supplemented with 0.1 % yeast extract or N03-, NH4 or organlc mtrogen at a 
concentration equivalent to the quantity of nitrogen in the yeast extract. This 
behaviour strongly suggests that Fusarium solani is not well adapted to utilising 
the nitrogen sources present in un supplemented cutting fluid (monoethanolamine, 
triethanolamine and benzotriazole) and that the nitrogen available in the yeast 
extract is supplying sufficient easily utili sable nitrogen for the onset of fungal 
growth. Once fungal growth has commenced, the mould is better able to adapt 
to the less easily utilised nitrogenous cutting fluid constituents resulting in more 
substantial growth. It may thus be argued that the role of exogenous nitrogen-
containing material in cutting fluid is to support the process of co-metabolism. 
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The degradation of the alkanolamine compounds may be dependant upon the 
presence of a nitrogenous compound that is co-metabolised with the alkanolamine 
leading to increased utilisation of the available nitrogen and biosynthesis. 
Although monoethanolamine and triethanolamine were able to support limited 
biomass production, growth may be enhanced where the alkanolamine is co-
metabolised with a nitrogenous compound with a simpler chemical structure. 
Experiments measuring the clearance of alkanolamine compounds would have 
been useful in determining whether the poor ability of Fusarium solani to degrade 
such compounds was attributable to insufficient levels of utili sable nitrogen or 
indeed the obligate requirement for a co-metabolite. 
Although it is known that supplementation by a nitrogenous constituent is 
important for fungal growth, in an industrial situation less emphasis should be 
placed on the role of bacteria and more consideration about the state of the 
coolant and the presence of inert matter should be given. Most modem cutting 
fluid biocides are very effective at controlling bacterial growth. Where the biocide 
is added as a "tankside top-up", existing bacterial levels are usually successfully 
controlled, although complaints of fungal overgrowth and colonisation subsequent 
to these measures are widespread. The fungi are able to obtain the utili sable 
nitrogenous material from the dead bacteria and mould growth occurs. Cutting 
fluid preparations with built-in biocides are now more common, although these 
are effective at reducing bacterial numbers initially, biocide efficiency reduction 
and life expiry result in bacterial colonisation leading to fungal colonisation. In 
cases where cutting fluid microbial flora is carefully assessed and controlled by 
administeration of biocides, the presence of extraneous material in cutting fluid, 
by poor housekeeping, results in the neccessary nitrogenous materials for fungal 
colonisation without the requirement for bacteria. 
Fungal growth could be prevented by very careful hygiene and frequent 
addition of biocides, although other environmental factors may introduce suitable 
material into the emulsion leading to fungal colonisation when a suitable inoculum 
is present. 
The method of cutting fluid inoculation by contaminated material is unlikely 
to have major significance in the cutting fluid environment. Although in 
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laboratory experiments it was found that a spore inoculum was able to adapt to, 
and grow in cutting fluid faster than vegetative fungal inocula, this behaviour may 
be unique to laboratory experiments and not industry. Inocula in an idustrial 
environment consists of both inoculum types described and the observation that 
inoculum has no apparent effect on the final biomass yield suggests that the nature 
of the inoculum has little overall effect on fungal ecology in cutting fluid. 
Fusarium solani is an organism well adapted to biodegrading the two 
vegetable oils tested, rapeseed oil and distilled tall oil. These materials make up 
a significant proportion of the cutting fluid brand investigated throughout this 
study. Although carbon is supplied in many other constituents, including; couplers 
(2-hexyldecanol and C16-alpha olefin), emulsifiers, anticorrosion agents 
(monoethanolamine, triethanolamine and benzotriazole), antifoaming agents and 
other materials used in trace quantities, the highest amount of carbon available 
for biosynthesis is derived from the vegetable oils. The other carbon-containing 
compounds tested, except benzotriazole, were able to support limited biomass. It 
is conceivable that more complex interrelationships in the utilisation of the wide 
range of carbon containing compounds are operating. 
The presence of easily utilised vegetable oils may assist in the assimilation 
of carbon from less utilisable carbon compounds, perhaps including biocide, by 
co-metabolism. Although not investigated, co-metabolism may be widespread in 
an industrial situation where interrelationships between each constituent and 
environmental stimuli are considered. Although of less relevance to the cutting 
fluid industry, a study of the fate of cutting fluid constituents in fungal 
metabolism possibly using radioactive labelling techniques would be interesting 
and benefit knowledge regarding fungal metabolism of unusual compounds. Of 
relevance to industry is the role of each constituent on fungal physiology as 
studied and the identification of the materials able to support fungal growth. 
However, by careful housekeeping and exclusion of potential inocula and 
nutritious matter, removal of an essential nutrient for growth may be sufficient 
to control fungal contamination. It is therefore evident that fungal colonisation is 
determined by external factors and that the composition of the product sustains 
fungal colonisation. Thus, working practices have an equally important role in 
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allowing fungal growth to occur as well as introducing the contaminant. 
The direct factors playing a role in fungal colonisation have been considered , 
but indirect and more variable factors may play an equally important role in 
cutting fluid fungal ecology. Perhaps fundamentally the most important indirect 
factor is the role of metal ions and metals themselves. The literature provides 
many accounts of metal ions affecting cutting fluid stability and biocide efficiency 
thus affecting cutting fluid bioresistance, although fewer reports of the behaviour 
of Fusarium solani and metal ions could be found. 
From work performed in this project, several of the metal ions tested were 
found to have a profound effect on the physiology of Fusarium solani and the 
stability of the emulsion tested. Although inhibitory to the growth of Fusarium 
solani in culture media, Al3+, Fe2+, Fe3+ and Cu2+ were non-inhibitory to fungal 
growth in cutting fluid. It is likely that these ions were toxic to Fusarium solani 
at the low pH associated with culture media, but less toxic at elevated pH in 
cutting fluid. A13+ and Cu2+ tested in culture media buffered at a pH comparable 
to that of cutting fluid were found to be non-inhibitory to fungal growth, 
supporting the above suggestion. 
The effects of metal ions on cutting fluid stability was demonstrated in a 
number of cases, where ions tested were found to promote emulsion phase 
separation. Although fungal growth was not affected in these experiments, the oil 
phase forming a dense mat with the mycelium was difficult to remove and dry 
weight determinations were difficult to interpret. Metal ions may playas 
important a role as microbiological contamination in reducing cutting fluid 
quality, whereas Ni2+, C~+ and Co2+ may also be implicated in causing allergic 
contact dermatitis amongst susceptible workers. 
Although less relevant to the metalworking industry, Zn2+ and Pb2+ at 0.5-1 
mM were found to promote overproduction of pigmented material by Fusarium 
solani in GPY, illustrating that some ions are able to alter secondary metabolism. 
Results using aluminium and iron swarf revealed that Fusarium solani was 
able to grow best in cutting fluid supplemented with mixed swarf, although with 
inert surfaces of similar surface area in the presence or absence of dissolved 
swarf materials, growth was rather poor. It was demonstrated that a greater 
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surface area presented in the cutting fluid vessel promoted greater yields of 
biomass, by adhesion of fungal hyphae to swarf or inert material. The presence 
of an excess of organic nitrogen in the cutting fluid was found to decrease the 
quantity of surface attached biomass, especially with inert alumina beads. The 
role of surfaces attracting fungal biomass is of major importance industrially 
where weirs and baffles in sumps, and swarf particles themselves attract increased 
fungal biofilm. The reduction of swarf entering cutting fluid, possibly by 
improving existing methods using drag chains and filtering, may eliminate some 
of the material which behaves as a nucleus for fungal attachment. 
More work needs to be performed to understand interrelationships between 
metal ions, surfaces and mould physiology. Some metal ions, such as Zn2+, form 
complexes at high pH which may have very different effects on the organism than 
at low pH and indeed may impair the effect of some biocides. 
The temperature of the environment is likely to have a major role in affecting 
fungal physiology and this was best illustrated with the nature of contaminated 
cutting fluid samples obtained. Samples from a hot and tropical region revealed 
a much more diverse range of fungi than samples from temperate regions. The 
quantity of Aspergillus tamarii in the Malaysian sample was almost equal to the 
that of Fusarium solani, strongly suggesting that the conditions in the tropical 
region were equally suitable for both Fusarium solani and Aspergillus tamarii. 
Temperature may play an important role regarding pathogenicity of moulds. 
Higher ambient temperatures encourage the growth of organisms or strains more 
able to grow closer to or at 37°C, than organisms associated with coolant in 
factories located in cooler climates. Such organisms may more readily colonise 
human skin and behave as pathogens on susceptible individuals. However, no 
cases of mycoses have been reported amongst workers from any part of the 
World, suggesting that this may not be a problem in cutting fluids. 
Other factors studied in less detail, may be relevant to fungal ecology in 
cutting fluid, such as aeration. The motion of shaking probably facilitated a 
greater emulsion-air interface in shake-flask experiments, resulting in greater 
aeration and better growth than model systems where passive flow of cutting fluid 
was less well aerated. Gentle shaking (190rpm) also permitted pellet formation, 
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where accumulation of mycelial fibres facilitated greater biomass yields than 
model system experiments where recirculation of emtlsion (15ml/min.) was not 
associated with fungal pelleting. Indeed, pellet formation may play an extremely 
important role in fungal physiology, as the pellet behaves as a nucleus having a 
similar effect to inert beads increasing fungal biomass, described earlier. 
The factors governing fungal colonisation and growth in cutting fluid are 
complex and many interrelationships exist between the nature of the product, 
immediate environment (temperature, working practices and quality of 
housekeeping) and variable factors (metal ions and swart). 
This project has facilitated a greater understanding of some of these 
relationships, although the story is far from complete. 
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